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Introduction

Geologic modelling or Geomodelling is the applied science of creating
computerized representations of portions of the Earth's crust based on
geophysical and geological observations made on and below the Earth surface.
A Geomodel is the numerical equivalent of a three-dimensional geological map
complemented by a description of physical quantities in the domain of interest.
Geomodelling is related to the concept of Shared Earth Model which is a
pluridisciplinary, interoperable and updatable knowledge base about the
subsurface.

Modelling is a critically important part of all scientific work. Its goals are to
gain understanding of the systems being studied, and to predict how those
systems are likely to behave under given input conditions.

The discipline "Modelling of Geological processes and Structures" discusses
the concepts of Models and Modelling, types of Models. The main types of
modeling, including physical and symbolic modelling are analysed. The special
attention is given to physical and mathematical modelling in geology. This
discipline teaches the main principles of algorithms for mathematical modeling
of geological processes and structures, analyses and determines the stress-
strain state of the natural and man-made systems. This discipline uses real
geological objects and situations as examples for modelling based on special
software.

The main objective isintroduction of students with: 1) main types of physical
and symbolic models; 2) main methods of physical and mathematical modelling;
3) functional ability of special software for modelling; 4) modelling of exogenic
geological processes; 5) modelling of tectonic structures; 6) interpretation of
modelling results; 7) calculation of stress-strain state of geosystems; 8) using the
results of modelling in different areas of geology.


http://en.wikipedia.org/wiki/Crust_(geology)
http://en.wikipedia.org/wiki/Geological_map

CHAPTER1. GEOMODELLING: MAIN TASKS AND GOALS. TYPES OF MODELS

This chapter outlines the main goal tasks and principles of modeling of
geological processes and structures.

1.1 Main tasks and goals

Recently, the term "simulation" (modeling) was considered as synonymous to
the term "imitation". It was described like something which is not connected
with reality. However, in the 40's, this term acquired a new meaning, what
initiated by J. von Neumann, who used the "Monte Carlo" method to solve the
problems related to protection of nuclear reactors. Such problems could not be
solved by conventional experiment due to the high cost and risks, and
application of mathematical methods for the purpose was quite difficult. An
alternative approach is associated with the use of Monte Carlo method, which
is the mathematical representation of random process with known probability
distributions.

Nowadays, meaning of the term "modeling" has changed and it means the
implementation of mathematical models on a computer thatis equivalent to the
experiment. Therefore, modeling should be considered and regarded as a class
of methods, using a model of the real situation with the operated experiment.

Scientific modelling is the process of generating abstract, conceptual,
graphical or mathematical models. Science offers a growing collection of
methods, techniques and theory about all kinds of specialized scientific
modelling. A scientific model can provide a way to read elements easily, which
have been broken down to a simpler form.

Geologic modelling or Geomodelling is the applied science of creating
computerized representations of portions of the Earth's crust based on
geophysical and geological observations made on and below the Earth surface.
A Geomodel is the numerical equivalent of a three-dimensional geological map
complemented by a description of physical quantities in the domain of interest
(Fig.1) Geomodelling is related to the concept of Shared Earth Model which is a
pluridisciplinary, interoperable and updatable knowledge base about the
subsurface.
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Figure 1 - 3D geological model of Great Britain (BGS)

Modelling is a critically important part of all scientific work.

Its goals are:

(1) to gain understanding of the systems being studied, and

(2) to predict how those systems are likely to behave under given input
conditions.

Modeling focuses on implementation following functions: understanding,
prediction and control. Basically, in geology we pay most attention on
understanding and prediction.

Compared to the modeling of industrial objects with B-methods, the modeling

of geological objects is a far more difficult task for three major reasons:
The objects are complex. As illustrated in figure 2, contrary to industrial objects,
the control points controlling the complex surfaces bounding the geological
objects are not given and must be determined in function of the data. As a
consequence, editing these control points to edit the surface is not allowed and
all the benefits of B-methods vanish.
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Figure 2 - A complex geological surface (salt dome) and related data, (Jean-Laurent Mallet,
2002)

The data are complex because they are heterogeneous, irregularly distributed
and more or less precise. For example, in figure one can observe the following
data sorted by decreasing order of precision:

well markers corresponding o the location of the intersections of well
with the salt dome,
dip data defining the plane tangent to the salt dome at some well
markers,
throw vectors defining the relative displacement of terrains on both
sides of the fault,
seismic cross-sections.
In spite of their success in modeling industrial objects, B-methods were not
designed to take such heterogeneous data and their uncertainties into account
(Fig.3).

During the modeling process, the topology of the geological object may
change. For example, to take new data into account some faults may be added
while others are removed. This is not compatible with the B-methods used in
classical CAD software, which requires the topology of the objects to be known
before starting the modeling process. If this topology is changed, then the whole
mesh of control nodes has to be redesigned (Fig.4).
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Figure 3 - Model of a teapot decomposed into an assemblage of rectangular Besier patches
and (B) continuous representation of the resulting patchwork (Jean-Laurent Mallet, 2002)

Figure 4 - Geological model (overthrust with reverse faults) where the same horizon is
crossed several times by a vertical line (Jean-Laurent Mallet, 2002)
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1.2. System approach to the modeling

The system can be regarded as a set of dynamic, internally related
components. If any part of the system has been modified, it affects the whole
system. Therefore, existence of inteconnections within the system affects the
whole system and it is essential in definition of the system.

It is necessary to establish the boundaries of the system. For example, the
universe is a system, but such comprehensive system could be divided into
smaller systems, such as the solar system, atmosphere, hydrosphere,
lithosphere so on. Thus, each system is determined by defining its boundaries
and the set of its components.

It should be noted that at present time there is no unified generally accepted
definition of the system. The most common is an approach of synthesis
definition of the system, which stems from the definition of the set.

According to N.Burbake, the set is formed from the elements with intrinsic
properties. These elements either are interrelated or related to the elements of
other sets. Going to further detail of this definition would allow determining the
general definition of the system.

System is a set of elements that form the specific structure. Thus, the system
is determined by three main categories: element, interrelation, property.

System is an object composed of other subsystems or elements which have
specified relations with each other and have fixed properties.The set of relations
and relations of objects - the structure of subsystems. A set of systematizing
factors (relationships, properties) that forms integrity and interconditionality of
elements, their structural and functional unity, is called the organization of the
system (Fig. 5).
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Figure 5 - Complex geosytem and its organization

The structure of the system is space-time related. The spatial aspect reflects
the order of elements in the system, time aspect reflects changin in the system
during the period of time and as a consequence the movement of the system.

External influence factors affect in the system are called dynamic. And
interrelation between of elements within the system are called internal
(immanent), or functional.

If the structure of the system is solid, not prone to changes over time, such a
system is called static. The system, whis the structure prone to changes over
time as a result of either external (dynamic) or internal factors, is called dynamic
system.

The following systems are defined depending on its temporal behavior
(regime):

1) With stable regime (the system is in the same state within equal intervals);

2) Systems with unstable (transition) regime of motion of dynamic systems
from some initial state to the stable or periodic regime.

Theory of systems consider the class of organized systems. Organized system
is a system that carries the organized structure over time. Such systems have
the ability to adapt, which is the process of changing the properties of systems
which allow them to achieve coherent functioning in changing conditions.

The following systems are defined according to the ability to adapt (Fig. 6):

i. Stable system which are able to compensate influence of external
factors;

ii.  Ultrastable which stabilize their structure responding to the impact
external factors;
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iii.  Multlstable systems consist of ultrastable systems, witch provides
stabilitee due to the stability of each ultras table subsystem.
Ultrastable systems are self-organized, they are characterized by:-
Functional interaction of elements, in which the state and structure of
each element depends on each other.

Stable system
able to

compensate
influence of
external factors

o mm— Multistable
System

Ultrastable
system

able to stabilize

its structure in

response to the
impact of

external factors

Figure 6 - Classifications of systems according to their ability to adapt

Mechanism of homeostazis - mechanism of internal regulation processes that
occur in a system that ensures independence or maintain the acceptable level
within the structure of the system.

The ability to raise the level of their organization by restructuring the system.

Geological environment in general, as well as any part of it, geological body,
should be considered as a system.

Geological systems are the systems that represented by solid, liquid or
gaseous components of the geological environment (geosystem, geological,
natural). Depending on the objectives of research geosystems are always
subdivided into components and subsystems and research its structure.

Elements of the next structural level is called attribute.The same system can
be divided into different elements of the subsystem, using different criteria for
the selection of attribute items.

Based on material factor and the scale of geological systems the following
systems can be distinguished by:

geological formations - as genetic types of rocks;
structural and tectonic factors — as a tectonic structure;
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hydrogeological factors - as a water-bearing basins, water-bearing
complexes or horizons.

Geological systems are dynamic and open. Geosystems are organized.

In case of determining the system’s type it is crucial to find right method of
setting system’s boundaries that could be physical and abstract.

Physical boundaries. The line, which limits covered with water basin area, is
an example of the physical boundary for accumulation of precipitations. In turn,
abstract boundary can be determined by the main geological characteristics,
rejecting all other factors.

An abstract boundary can be defined relative to the main geological features,
discarding all other factors. In addition, the boundaries can be chosen so that
the system is either open or closed.

Closed systems, as the name suggests, are isolated from the outside world or
from the larger system that contains the data. Models of these systems are easy
to build, but most of them have no analogues in the modern world.

Open systems are real systems that are constantly under the influence of
external factors and in a state of constant dynamic equilibrium. The results of
the influence of factors enter the input of the system (raw material), undergo
transformations and are observed at the output of the system (end product).
The process of their transformations depends on the selection of final products
and the rate of arrival of the starting material.

By modeling a geological object, we create a certain idea about it. This
perception may be correct, but it may also be incorrect. With this idea, we return
to the object, study it again, refine our idea, and these studies further and
further develop and improve it. At a certain moment, on the basis of the formed
ideas, we build a theoretical model of the phenomenon being studied. The
model should correspond to our ideas. And only on the basis of this theoretical
model, correct or incorrect, we can set up an experiment. We can create some
construction, some material or mathematical model, examine it in different
conditions, with different parameters, etc. On the basis of this study, we can
return to the idea of the object, improve it, we can repeat this "experimental
cycle" several times and definitely return to the initial geological object and
analyze - what new, predicted by the experiment, can be discovered in this
object. Thus, an experiment in geology turns out to be a very complex process,
which includes two cycles of research: a natural study of the object and an
experiment with its model. Both cycles are necessarily interconnected. We must
go through the modeling stages several times and correlate the results obtained
in different research cycles.

For instance: coastal system has input (rivers, coastal currents), and influence
factors on output (turbulent flow), as well as a result of transformation in form
of sediments beaches, deltas, lagoons and also as a result of continuous
adaptation to the "outside" changes such as velocity of incoming sedimentary
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material, waves and storms. Since the system consists of a set of internally
interconnected parts, predicting the effect of changing one variable or the entire
system structure is very complicated task. In this case, you must first
conceptually simplify the system and then create it as a model, an artificial
system that reflects the basic properties of real systems.

1.3. Main stages of geomodelling

Modeling provides a system approach to the problem. Therefore, the process
of modelling or set of processes even in the absence of such a problem
statement divided into 3 main stages (Fig. 7):

1) Definition of the system

2) Developing of the abstract model

3) Simulation of the system behavior in this model.
Let’s consider these stages in detail.

Developing

of the model

Figure 7 - Main stages of geomodeling

There are several approaches to build models (Fig. 8):

1) Physical approach. Physical geomodeling involves the creation of tangible
replicas or representations of geological features. Physical models allow
geoscientists to interact directly with the model, providing valuable insights into
spatial relationships, structural features, and geological processes.

2) Conceptual approach. Conceptual geomodeling relies on mental
frameworks and abstract representations to depict geological phenomena.
Unlike physical models, conceptual models are based on qualitative
descriptions, conceptual diagrams, and mental simulations. They serve as
cognitive tools for organizing geological knowledge, identifying key factors, and
formulating hypotheses.

13



3) Graphic approach. Graphic geomodeling involves the use of two-
dimensional (2D) and three-dimensional (3D) visualizations to represent
geological features and processes. These models are created using specialized
software packages, Geographic Information Systems (GIS), Computer-Aided
Design (CAD), or virtual reality platforms. Graphic models provide a visual
representation of geological data, enabling geoscientists to analyze spatial
relationships, interpret datasets.

4) Mathematical approach. Mathematical geomodeling is considered the
most rigorous and quantitative approach to building geomodels. It involves the
formulation of mathematical equations, algorithms, and numerical simulations
to simulate geological processes and predict spatial patterns. Mathematical
models range from simple analytical solutions to complex numerical
simulations. They enable geoscientists to simulate geological phenomena,
assess uncertainty, and optimize decision-making processes.

Each approach to geomodeling offers unique advantages and challenges,
depending on the specific objectives, data availability, and computational
resources. By integrating multiple modeling techniques, geoscientists can gain a
comprehensive understanding of geological systems and make informed
decisions in various applications, ranging from mineral exploration and
hydrocarbon reservoir characterization to environmental risk assessment and
natural hazard mitigation. As technology advances and interdisciplinary
collaboration flourishes, the future of geo-modeling holds great promise for
unlocking new insights into the Earth's complex dynamics.

14



Figure 8 - Main approaches to build geomodels

Before turning to these topics, we should determine modeling as scientific
method.

Let’s describe a hypothetical geological problem and compare the traditional
method with method that uses simulation. We explore the sandstone with an
average grain size which change from place to place, so our task is to explain the
origin of grains variability.

1) select samplers of sandstone, and then analyze them to determine the
grain size, and then, using the descriptive method of classification, characterize
the variability of grain.

2) build a hypothesis or conceptual model to explain the origin of the
variability of granules (inductive method) based on assumption of uncertainty.
In addition, the decision depends on researcher experience and opinion of other
scientists. Different models or hypotheses are equiprobable, which corresponds
to Chamberlain’s "a set of working hypotheses".

3) deductive study findings: researcher comprehends every hypothesis or
model. If these models are complex and contain internally linked components,
the use of deductive method causes some difficulties.

4) comparison of results obtained using the deductive method with real data
or collecting new data to answer questions that arise in the process of deductive
theories. Itis a test of hypotheses.

5) conclusions regarding the hypotheses or models. If the hypothesis is fully
consistent with the data observed, which usually happens, the researcher again
repeats the whole cycle. This in turn leads to additional observations,
formulation of new or the revision of old hypotheses. This cycle can be repeated
several times as long as there will be one satisfactory explanation.

All these stages of the scientific method are inherit for modeling. The
researcher begins with observations of real natural systems; then by using
inductive constructions, he/she creates a model that imitate researched
system. The implementation of created model in form of experiment leads to
the set of "solutions" that match a set of initial conditions. The final modeling
data should be compared with the results of actual observations that could
improve this model. If the model is successful, the researcher get optimal
conclusions.

Geologists generally use the so-called "thinking design", which consists of
deductive reasoning that follows by the inductive conclusions on the theory or
concept model. However, any theory is an attempt to explain the behavior of
the natural system, tends to complicate a logical understanding of process.
Computer simulation eliminates these difficulties by carrying out high-speed
logic and mathematical operations.

15



1.4. Classification of models

There are several approaches to model definition and the modeling process.
Traditionally, the model is interpreted in philosophical, natural-scientific-
methodological and mathematical meanings.

A model (Franch modéle, or Latine modulus — «value of a quantity, an
integer, ratio» is a physical or imaginary object/fact, as a simplified version of
original simulated object or fact (prototype) which pretty much inherits
required characteristics of prototype. However, creation of appropriate model
or simulation include some insignificant approximation of characteristics that
differ model from original object.

In the philosophical sense, a model is understood as an imaginary or
materially implemented system that, reflecting or reproducing the object of
research, is able to replace it in such a way that its study gives us new
information about this object (Stoff, 1966). As for the term "geological model”,
its definition uses a natural-scientific-methodological approach, the terminology
of which in the ratio of formal description and modeling contains classification
features of material and ideal (symbolic) models.

Models are commonly used for research purposes such as observation,
analysis and synthesis as well it could be used for design. In this case a scientific
model could be build in form of display, diagram, copy, layout or image.

Model can be built as a periodically reiterated project with a set of specific
and unique characteristics. We can build model even for the same projects in
a row. Model-making process can have multiple versions or options of
implementation as forms of simulation, designing, managing of large scale
projects, etc.

The process of model creating we call a simulation. Any intellectual activity
could be introduced as a practice of models (images) managing. There are full-
scale, layout, informative, logical, or imaginative models, etc.

Scientific model is an approximation or simulation of a real system that omits
all but the most essential variables of the system. Scientific models can be
material or abstract and are often used in the construction of scientific theories
to study characteristics of prototype. Model adequacy is an essential step of the
modeling process because it indicates the level of precision and accuracy of the
model predictions. The process of model implementation and research is called
simulation.

In modern science models are formalized and compiled in form of object
description (it could be material subject, process or phenomenon) in order to
study their properties. Such a description is particularly useful in cases where
the object of study is difficult or physically impossible. In the philosophical sense,
a model is understood as an imaginary or materially implemented system that,

reflecting or reproducing the object of research, is able to replace it in such a
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way that its study gives us new information about this object [Stoff, 1966]. As
for the term "geological model", its definition uses a natural-scientific-
methodological approach, the terminology of which in the ratio of formal
description and modeling contains classification features of material and ideal
(symbolic) models.

The formal classification of models

Formal classification models based on the classification used by
mathematical tools. Often there are build in the form of dichotomies. For
example, there are some of the most popular sets of dichotomies:

e Linear and non-linear models;

e Lumped or distributed systems;

e Deterministic or stochastic;

e Static or dynamic;

e Discrete or continuous.

and others.

Classification by way of object representation
Apart with the formal classification there are types of models we classified
according the way they represent an object: structural and functional models.

Structural models represent an object as a system with its own structure and
functional mechanism.

Functional models do not use this approach and reflect only external
activities of object. They are also known as of "black box" types of model Also,
it is possible to find some hybrid options, which sometimes are called aka "gray
box" types of model.

The informative (content) and formal models. Almost all the authors who
illustrate the process of mathematical modeling, indicate that the first should be
build special ultimate construction, or informative (content) model. There is no
common definition in this case, that’s why other authors called ultimate
construction as a conceptual model , contemplative model or pre-built model.
In this case, the final construction is called as a formal mathematical model, or
just a mathematical model which we got as a result of informative model (pre-
built model) formalization. Building of informative model can be done with a set
of optimized templates, like in mechanics, where the ideal (optimal) springs,
solids, pendulumes, elastic medium, etc. are used as a templates for informative
simulation.

However, in the areas sciences, where a fully completed formal theories do
not exist (the cutting edge of physics, biology, economics, sociology, psychology,
and most other areas), the creation of content models is extremly complicated.

Classification of models by content
Type 1: Hypothesis (it’s may be possible)
17



These models "represent a pilot approach of the phenomenon description,
and the author either believe in its possibility, or even thinks that it is definitely
true." According to R. Peierls, the pure samples of this approach are a
Ptolemy’s model of solar system, and Copernicus model (improved later by
Kepler), Rutherford's atom model and finally the model of Big Bang.

No hypothesis in science has been proved once and still true forever. Thisidea
was defined by Richard Feynman very clearly: "We always have the opportunity
to disprove the theory, but we never can prove that it is absolutly correct.
Suppose that you formulated successful hypothesis, assumed where this
hypothesis leads, and found out that all of its findings have been confirmed
experimentally. Does this mean that your theory is correct? No, it simply means
that you are unable to disprove it".

If the model of this first type is build, it means that it temporarily recognized
as a truth and you can focus on other issues. However, this is not a point in the
research, but only a temporary pause: the status of the model of the first type
can only be temporary.

Type 2: A phenomenological model (behave as if ...)

Phenomenological model includes a mechanism which could describe the
phenomenon itself. However, this mechanism is not enough convincing, and
cannot be sufficiently confirmed by the available data, or poorly matched with
the existing theories, and accumulated knowledge on the issue. Therefore,
phenomenological models have the status of temporary solutions. It is
considered that the answer is still unknown and research need to be continue
focusing on discovering "the genuine mechanism."

To second type of phenomenological model Peierls submit model of caloric
theory and quark model of elementary particles.

Role of model may be changed over study, and may happen that the new
data would confirm your phenomenological model and it could be raised to the
status of a hypothesis. Similarly, the new knowledge could gradually come into
conflict with models of the first type, and as a result, they could be converted
into the models of the second type. Thus, the quark model step by step turning
into a hypothesis; inits turn, the atomism in physics has emerged as a temporary
solution, but later proceed into the first type. Although the aether theory
model, have moved from type 1 to type 2, and now are beyond the science at
all.

The idea of simplicity is very popular in simulation. However, simplification
can be different. Peierls identifies three types of simplifications in the
simulation.

Type 3: The approximation (assume something very large or very small)

18



If it is possible to make equations which describe observed system, but it does
not mean that you can solve it even with a computer. A common technique in
this case is applying of approximations (models of type 3). Among them, is the
model of linear response where equations replaced by linear one. The best
sample of these type of model is Ohm's law.

Type 4: Simplification (dismissed some details for clarity)

In models of type 4 all significant parts are discarded because they do not
persuade a result. Example: Using the ideal gas model to a non-ideal equation
of van der Waals, when we have to discard many of the details.

Type 5: A heuristic model (no quantitative confirmation, but the model
promotes deeper understanding of the case).

Heuristic model keeps only the qualitative similarity of reality and gives
predictions only "regarding overall amount or value ". A typical example is the
mean-free path in the kinetic theory. It provides a simple formula for the
coefficients of viscosity, diffusion, thermal conductivity, in consistency with the
reality of the order.

Type 6: Analogy (take into account only a few features).

Type 7: Thought experiment (the main thing is to disprove the possibility).

Einstein concluded, that the laws of nature are changed by changing the
frame of reference, or the speed of light does not depend on the reference
system.

Type 8: Demonstration of capability (most importantly - to show the internal
consistency of the features). One of the most famous of these experiments -
hyperbolic geometry.

Example. Consider a mechanical system consisting of a spring fixed at one end
and the load with weight M, attached to the free end of the spring. We assume
that the load can only move in the direction of the spring (for example, it moves
along the rod). Let’s make a mathematical model of this system. We describe
the status of the system by distance X from the cargo to its equilibrium position.
We describe the interaction between the spring and cargo by Hooke's law (F = -
kx) and then use Newton's second law, to express it in the form of a differential
equation:

mi = —kr,

where T means the second derivative of X regarding to time: dt?
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The resulting equation describes the mathematical model of physical system.
This model is called the "harmonic oscillator".

According to the formal classification this is determined, focused, continued
and dynamic linear model. In the process of model building we have made a
number of assumptions (absence of external forces, absence of friction, the
small deviations, etc.), which in reality cannot be possible.

Considering reality this is simplified model of type 4 ("dismissed some details
for clarity). Using some approximation (such as deviation from the equilibrium
for load is low, with low friction, in short time, and some other conditions), the
model describes quite well the real mechanical system, because the discarded
factors have a negligible effect on the process. However, the model can be
improved by taking into account some of these factors. This will lead to a new
model with a larger range of applicability. However, the refinement of the model
brings complexity into mathematical calculations and could make the model
practically useless. Often more simple model is better match with real systems.

Different types of models that can be used in modeling dynamic systems in
geology, presented in two categories: physical and symbolic.

Physical model is a tool that allows us to explore the system by replacing
researched physical process with similar physical process.

Full-scale model is a real fully or partly researched models. Full-scale model
have full adequacy to the real system and due to this they have high accuracy
and reliability of simulation results.

Most physical models are full-scale, scale and physical. They are could be
bigger or smaller than their real prototype. For example, the physical scale
model of the crystal lattice exceeds the size of its real analog. We also could find
in the geology the physical models that smaller than their real prototypes (for
example, the model of plastic clay that have been used in the study of structural
plans in Mexican Gulf).

Symbolic models are divided into graphical and mathematical.

Graphical models (maps, sections, block diagrams) (Fig. 9, 10, 11) are usually
small-scale images of much more large objects or their feature. Typically, these
models are useful in "thinking modeling" by helping to make visual picture of
internal connections between the components that make up the system.
However, the map or section provide only some understanding of result which
obtained by sequential events and enable to show us developing of processes in
real time.
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Figure 9 - 3D model of Great Britian (BGS)
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Figure 10 - Carkas model of the iron ore deposit (learning materials of KAl, software K-MINE)
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Figure 11 - Geological cross-sections (learning materials of KAl, software K-MINE)

Modeling is indirect practical or theoretical study of object, when we study
some secondary virtual or natural systems (models) instead of research the

objects of our interest:
1. A model is in some objective accordance with object of our study;

2. A model could substitute the object of our study with certain restrictions;

3. A model could allow us to get some information about the object of our
study.

Self-Test Questions:

1. Describe main goal and tasks of geomodeling.

2. Describe the system approach to the geomodeling.

3. What kinds of geosystems do you know?

4. What types of models do you know? Identify the main criteria of model
classification.

5. Give the description of main stages of geomodeling.
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CHAPTER 2. MATHEMATICAL MODELING OF GEOLOGICAL SYSTEMS

Mathematical modeling of geological processes and structures is associated
with the phenomenon of isomorphism, which means the similarity of forms due
to the qualitative difference of phenomena, i.e., mathematical dependencies
describing the original are investigated. Algebraic, differential equations and
systems of equations serve as models.

A mathematical model is a description of a reality using mathematical
concepts and language. The process of developing a mathematical model is
termed mathematical modeling. All natural and social sciences, which apply
mathematical tools, in fact are engaged in mathematical modeling: replace the
real object with mathematical model and its following research.

Under the mathematical modeling we recognize the process of establishing
compliance between real object and mathematical object (mathematical model)
with its following study that allow us to obtain characteristics of real object. We
chose the type of mathematical model according to the nature of real object,
research tasks and required level of reliability and accuracy.

By creating a triad of closely related components "model-algorithm-
program", the researcher gets a universal, flexible and inexpensive tool, which
initially should be tuned, tested and evaluated during the row of experiments.
When an adequacy (sufficient conformity) between triad and original object has
been set up, we start variety of detailed "experiments" that ensure required
qualitative and quantitative characteristics of researched object.

Universal models

The most important mathematical models usually have the important feature
of universality another words the fundamentally different real phenomena can
be described by the same mathematical model. Thus, by studying a
mathematical model, we study the whole class at once.

Direct and inverse problems of mathematical modeling

There are many problems associated with mathematical modeling. First, we
must create a basic outline of modeled object and reproduce it in framework of
idealization (optimization) of particular science. Thus, the car of the train turns
into a system of plates and more complex bodies of different materials, where
each material is defined as its standard mechanical idealization (density,
modulus of elasticity, strength characteristics). Then we have to create equates
with possible simplification and approximation which followed by calculation,
data comparison and final refining.

Basically, there are two main classes of tasks that associated with
mathematical models: forward and backward.

Forward (direct) task:
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In this case the structure of the model and all its parameters are considered
known, and the main purpose is to study model to extract useful info about the
object.

(Backward) Inverse task:

Usually the structure of the model is already known, and the main task is in
to identify the rest of unknown parameters. Additional information may consist
of additional empirical data, and in modeling requirements. Additional
information can be received regardless of solving the inverse task (passive
monitoring) or as a the result of providing special experiment (active
surveillance).

Mathematical model is a system of mathematical relations that describe the
process or phenomenon. The preparation of mathematical models used by any
mathematical means - set theory, differential and integral calculation,
mathematical logic, probability theory, game theory, etc.

Mathematical models used in computer simulation. Of course, the
mathematical models used in different ways. For example statistical models are
used to summarize data.

However, most models in computer simulation, generate a large amount of new
data, that why these models created not only for data compilation. On the other
hand, modern mathematical models require a lot of calculations, and can be
carried out only with computers. The choice of mathematical modeling is
defined by purposes of modeling.

In addition, all types of models inherent uncertainty, so it is not possible to
predict their status for next period of time because of the presence of one or
more random (stochastic) components . Many deterministic models can be
considered as an isolated incidents of stochastic models (the transfer of heat
from a hot object to cold one). Movement of molecules is random, but their
numbers are so big that in any case heat will certainly be transferred from warm
to cold objects. Thus, we can assume that the heat transferring process should
be considered as deterministic and should be presented as a model. All of
mentioned above types of models are used in geology. Static deterministic
model used in geophysics for gravimetric studies to determine deep objects
according to gravitational anomalies.

Modeling systems

To support mathematical modeling system were developed bunch of
software like Maple, Mathematica, Mathcad, MATLAB, VisSim and others. They
allow create formal and modular models of both simple and complex processes
and devices. These programs also simplify changing model’s parameters during
simulation . Modular models are usually in form of chart, and interconnection
between its cells as well as a number of its determined by chart model.
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In addition, all types of models inherent uncertainty, so it is not possible to
predict their status for next period of time because of the presence of one or
more random (stochastic) components. Many deterministic models can be
considered as an isolated incidents of stochastic models (the transfer of heat
from a hot object to cold one).

All of mentioned above types of models are used in geology.

Let’s consider some examples.

Static deterministic model used in geophysics for gravimetric studies to
determine deep objects according to gravitational anomalies.

Dynamic deterministic models are for precipitation accumulation.

Static stochastic models are deliberate selections calculated with the Monte
Carlo method’s to simulate grid of exploratory wells.

Dynamic probabilistic model is extremely important in geology, because
almost all geological processes contain random (deterministic) components.
Due to the fact that many dynamic stochastic models contain deterministic
components we should classified them as mixed types of models.

By mathematical modeling we mean the process establishing compliance with
this real object of some mathematical object called a mathematical model and
the study of this model, which allows to obtain data considered a real object.
Type of mathematical model depends on the nature of the real object and the
objectives of the study object and the required reliability and accuracy of the
solution this task. Any mathematical model, like any other, describes the real
object with a certain degree of approximation to reality.

2.1. Deterministic modelling of geological systems

Mathematical models are analytical and simulative. Analytical models allow
us to get implicit or explicit derivatives, or if it is impossible, they could help us
to determine the numerical solutions for specific initial conditions and
guantitative characteristics of the model.

Simulation is an experiment with a complex mathematical model that
describes the behavior of the system. Simulation model has a large dimension
of the number of variables and relationships between elements of the model
stochastic nature, linearity, limit of different types, different mathematical
description of model elements, the reaction time dependent.

To study characteristics of system functioning with mathematical methods,
including computing, we should formulate it, or in other words, we should
create appropriate mathematical model.
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By mathematical modeling we mean creating adequacy between real object
and mathematical model with further research of this model that could allow us
to obtain required data of a real object.

A type of mathematical model depends on the nature of the real object,
research objectives and on required reliability and accuracy as well. A
mathematical model, like any other model, describes the real object with a
certain degree of approximation to reality.

Mathematical modeling that was created in purpose to study characteristics
of geosystems functioning can be divided into analytical, simulation and mixed
types.

In case of analytical modeling, operation of system elements could be written
either in form of functional relations (algebraically, integral -differentially, finite
differentially, etc.) or in form of logical conditions.

The analytical model can be researched by using following approaches such
as:

i) Analytical method, you should find explicit dependences for needed
variables in general form;

ii) Numerical method, when you get numbers which correspond to specific
initial data because you could not solve equations in the general form;

iii) Qualitative method, when you have no solutions in explicit form, so you
may find some characteristics of required solution (for example, to estimate
the stability of the solution.)

The most complete study of (S) system functioning can be made if you know
explicit dependences that connect output data with initial parameters and the
variables of the this system. However, such relationships can be obtained only
in case of elementary systems.

In case of more complex systems the analytical method could be difficult to
applied or even not appropriate. Therefore, if we want to use an analytical
method in our case, we should substantially simplify an original model, in
purpose to study at least the most basic characteristics of the system.

For analytical modeling characterized by the fact that the processes
functioning of the system elements are written as functional relations (algebraic,
integral, differential, finite difference, etc.) or logical conditions.

The analytical model can be analyzed as follows methods:

a) analytical, when seeking in general a clear dependence of the desired
characteristics, and

b) The size, when, unable to solve the equations in general, seek the
numerical results with specific initial data, and

c) quality, when, having no solutions in explicit form, we can find some
properties of the solution (for example, to assess the stability of the solution).
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The most comprehensive study of the process of the system can be made if
you know the explicit dependence linking desired characteristics of the initial
conditions, the parameters and the variables of the system S. However, such
relationships can obtained only for relatively simple systems. With increasing
complexity systems study of their analytical method encounters considerable
difficulties, which are often insurmountable. Therefore, wishing to use the
analytical method in this case go to a substantial simplification of the original
model, to be able to learn at least the general properties of the system. Such a
study on a simplified analytical model. This method helps to obtain approximate
results for determining more accurate estimates of other methods. Numerical
method allows us to study in comparison with the analytical method a large
class of systems, but the resulting solutions are private. The numerical method
is especially effective when using a computer. In some cases, the investigation
of the system can meet the and the conclusions that can be made using
gualitative method of analysis of the mathematical model. Such qualitative
methods are widely used, for example, in the theory of automatic management
to assess the effectiveness of various management systems.

Such study of simplified model by analytical method can help us to get
approximate results for further research using more accurate @ methods.
Numerical method versus analytical one, allows us to study a large class of
systems, but the final result is particular.

The numerical method is especially effective when we use a special software.
In some cases, we also use a qualitative method of system research. This method
is widely used, for example in Automatic Control Theory to calculate an
efficiency of different operational systems. Today broadly spread methods of
computer implementation to study operation of large systems. For computer
implementation of mathematical modeling we should at first create an
appropriate modeling algorithm.

Simulation modeling algorithm reproduces the timing operation of S system
and besides, it stimulates the basic system’s functions, and keeps them in logical
structure and in timing consistency, that allows us to evaluate timing
characteristics of the S system on the basis of initial data.

The main advantage of simulation versus analytical methods is an ability to
solve more difficult tasks. Simulation models provide a simple way to consider
factors that could cause substantial difficulties when we use analytical methods,
for instance discrete or constant elements, non-linear characteristics of the
system components, multiple random effects, etc.

Thus, simulation is the most effective method today to research large
systems, and often it is the only possible method to obtain information
regarding systems functioning particularly on the stage of design

It is advisable to use statistical method of computer simulation to study S
system operation, when we get output data in form of random variables and
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functions and in this case we playback this operation a several times with
follow-up statistical processing until we achieve required characteristics.

In the beginning it was developed a numerical method of statistical tests. This
modeling method has been used for random variables and functions with
probability characteristics that correspond to required solution of analytical
tasks (was named as Monte Carlo method). Hereafter, this method was applied
as a method of method statistical modeling for computing simulation in purpose
to study system’s characteristics effected by random impacts Therefore, the
method of statistical modeling we will call as a method of computing simulation ;
and in its turn, the method of statistical tests ( aka Monte Carlo) we will call as a
numerical method for solving analytical problems.

Simulation method can solve the analytical tasks for large S systems, including
the estimation of: possible system’s structures; the effectiveness of different
system control algorithms; impact of changes in system’s various parameters
and so on.

Simulation modeling can be a basis for structural, algorithmic and parametric
synthesis for large systems that require a system with the specified
characteristics under certain restrictions, which are optimal for performance
criteria.

In solving problems of machine synthesis systems based on their addition to
the development of simulation models modeling algorithms for the analysis of
a fixed system, you must also develop algorithms for finding the optimal version
of the system.

Simulation allows you to:

a) Experimentally explore the complex of internal interactions in the system;

b) Examine the impact on the function of information and organizational
changes and changes in the nature of interaction with the environment.

c) Better understand the system, to assess which variables are most
significant and how they interact;

d) Evaluate the system behavior in new situations, test new strategies and
decision rules;

e) For providing stochastic modeling, including Monte Carlo method.

Therefore, the simulation focused not only on the specified research models,
but also on the identification of parameters and in this sense simulation is similar
to full-scale modeling.

Currently prevalent methods of computer implementation study the
characteristics of the process of functioning of large systems. To implement the
mathematical model on the computer must be construct the corresponding
modeling algorithm. With simulation model implements the algorithm
reproduces the process of the system S in time and simulated elementary
phenomena that make up the process, while preserving their logical structure
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and sequence completely in the course of time, which allows the initial data For
information about the process states at some point in time, making it possible
to evaluate the characteristics of the system S. The main advantage of
simulation for compared with the analytical solutions is the ability to more
challenges. Simulation models provide easy factors such as the presence of
discrete and continuous elements, non-linear characteristics of the elements of
the system, multiple random effects, etc., which often create difficulties in
analytical studies. Now Simulation - the most effective method of investigation
large systems, and often the only practical available method of obtaining
information about the behavior of the system, especially at the stage of design.
When the results obtained by the simulation when playing process model of the
system S, are realizations of random variables and functions, then to find
characteristics of the process required to repeat play with subsequent statistical
processing of information and appropriate as a method of computer
implementation of simulation models use statistical simulation method. Initially
developed a method of statistical tests, representing a numerical method, which
was used to model random variables and functions, probability characteristics
which coincides with the solution of analytical problems.

Simulation method can solve the problem analysis of large systems of S,
including the estimation problem: the options structure of the system, the
effectiveness of different control algorithms, the impact of changes in various
parameters of the system. Simulation modeling can be taken as well as the basis
for structural, algorithmic and parametric synthesis large systems that require a
system with the specified characteristics under certain restrictions, which is
optimal for some criteria to measure performance. In solving problems of
machine synthesis systems based on their addition to the development of
simulation models modeling algorithms for the analysis of a fixed system, you
must also develop algorithms for finding the optimal version of the system.

Further, the methodology of computer modeling will distinguish two main
sections: statics and dynamics - the main content which are respectively the
problems of analysis and synthesis systems defined by the modeling algorithm.

Combined (analytical and simulation) modeling for analysis and synthesis
systems can combine the merits of the analytical and simulation. In the
construction of the combined models is carried out a preliminary decomposition
process of operation of the facility for sub-components and those where it is
possible, using the analytical models, and for other sub-built simulation models.
This combined approach allows us to reach qualitatively new classes of systems
that can be investigated using only the analytical and simulation separately.

Hereinafter, the methodology of computer modeling will make out two main
sections: statics and dynamics - the main content which are respectively the
problems of analysis and synthesis.
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Systems defined by the geomodeling algorithm using of Mixed (analytical and
simulation modeling) for analysis and synthesis systems could gain all
advantages of both methods. Before using mixed models you have to apply a
decomposition process for sub-components, and where it is possible, use the
analytical model, for the rest options use simulation model. This mixed approach
allows us to reach a qualitatively new classes of systems that can be studded
whether with analytical or simulation method.

Deterministic modeling and forecast of the qualitative and quantitative
characteristics of the geological environment and assessment of their impact
on the infrastructure.

The consideration is given to the modeling of the impact of geological
environment on the infrastructure. The forecast of the qualitative and
quantitative characteristics of the geological environment and assessment of
their impact on the pipeline are underpinned by using mathematical models of
the stress-strain state (Pelletier, 2008)

Pipeline-environment stress-strain state problem. Mathematical modeling
and stress-strain state evaluation were carried out using deterministic approach
for solving this kind of problems. We studied the problem of the stress-strain
state of the pipeline located in the heaV{)medium (Fig. 12).

HEEE
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Figure 12 - Given fragment of a pipeline (section al view)
Estimation has been undertaken of the mechanical forces affecting the

pipeline due to the freeze-thaw effects of the ground regime, especially the
volumetric effects caused by these processes.
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The main factors that result in the pressure on the pipeline areas follows: (i)
the impact of gravitation on the pipeline (the weight of the medium); (ii) the
impact of the forces arising due to the volumetric expansion of the water-
saturated environment during freezing; (iii) the impact of loads from the pipeline
warping; (iv) the differences in the temperature of the heated pipeline and of
the surrounding area; (v) the internal pressure of the gas in a pipeline (Ivanik et
al., 2009). Stresses and strains obey the Duhamel-Neumann law:

s; =g 3Kar ijt’i,j =12 (2.1)

-_E _bp

where “ 3(1- ) S gae ‘,yi X ) (2.2)

The assessment of the stress-strain state of pipeline fragment subjected to
bending due to the influence of water flows, debris flows, etc. is adjacent to the
above considered problem and can be solved separately using stress analysis of
the pipeline bending when treating pipeline as a beam.

Example of cryogenic effect assessment. Developed modules based on the
above described algorithm assumes an assessment of the impact of cryogenic
processes on the pipeline complex (Fig. 13).

Figure 13 - Examples of the cryogenic processes impact on the pipelines

Estimation has been considered of the mechanical forces acting on the
pipeline due to the freeze-thaw effects of the regime of grounds, especially the
volumetric effects caused by these processes. From the research and the
development of the program algorithm the main factors that result in loading
on the pipeline are follows: a) the influence of gravitation forces on the pipeline
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(the weight of environment); b) the influence of the forces arising owing to
volumetric expansion of the water-saturated environment during freezing; c)
the influence of loads from pipeline warping; d) the influence of temperatures
differences of the heated pipe and its environment; e) the influence of internal
pressure of gas in a pipe.

To demonstrate this impact we propose here, as an example, the
computation of the stress intensity of the ground stress on the pipe edge (Fig.
14). We study the system “pipe — geological environment” with the following
parameters. The type of the rock is frozen sand (modulus of general deformation
22500 MP, Poisson ratio 0.41, density 1750 kg/m?3). The force parameters of
warping are changing from 20 to 90 sm, frost injury 3 %, depth of pipe deposition
2 m, distance from source of warping 2 m, pipe thickness 0, 0186 m, pipe radius
0,71 m. The stress intensity on the external pipe edge ranging from 514,03 MP
to 970, 48 MP. The intensity of the ground stress on the pipe edge ranging from
492,8 MP to 995 MP.
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Figure 14 - The changes of the ground stress intensity on the pipe edge

2.2. Stochastic modeling of geological systems

Geomodeling, the process of constructing mathematical representations of
geological structures and properties, plays a pivotal role in various fields such as
hydrology, petroleum engineering, environmental science, and geology.

Stochastic methods have become indispensable tools in geomodeling due to
their ability to handle uncertainty inherent in geological data. Stochastic
mathematical modeling is based on the idea of the random distribution of
forecast elements and the assumption of the presence of rhythms in the
formation and development of processes, the identification of correlational
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dependencies between various factors and the study of statistical regularities in
the development of geological processes (Kornreich P., 2008; Stochastic
Modeling...,1994).

The attractiveness of stochastic methods of analyzing geohazards is related
to the possibility of their mathematical formalization and the saving of necessary
computing resources. Sometimes the use of these methods is limited by the lack
of reliable a priori values of the probabilistic characteristics of dangerous events
and the need to use subjective expert assessments. However, they do not take
into account stabilization tendencies and relaxation processes. An important
issue in forecasting extreme situations is the definition of universal criteria for
the selection of areas with particularly difficult and extreme conditions.

Stochastic methods in geomodeling involve the incorporation of randomness
or probability into the geomodeling process. Unlike deterministic methods that
produce a single outcome, stochastic methods generate multiple realizations
that capture the variability and uncertainty present in geological systems. These
methods rely on statistical principles and random variables to simulate spatial
variability in geological properties.

Stochastic methods find widespread applications in various branches of
geomodeling:

- Reservoir Characterization. In petroleum engineering, stochastic methods
are used to model reservoir properties such as porosity, permeability, and
fluid saturation. Multiple realizations generated through stochastic
simulations provide insights into the uncertainty associated with reservoir
properties, facilitating better reservoir management and decision-making.

- Hydrogeological Modeling. Stochastic methods are employed to characterize
aquifer properties and simulate groundwater flow and contaminant
transport in hydrogeological systems. By considering the spatial variability of
hydrogeological parameters, stochastic models enable the assessment of
uncertainty in groundwater flow predictions and contaminant plume
migration.

- Geological Hazard Assessment. Stochastic methods play a crucial role in
geological hazard assessment by quantifying uncertainty in geological
models. Monte Carlo simulations, in particular, are used to analyze the
probability of occurrence of geological hazards such as landslides,
earthquakes, and volcanic eruptions, aiding in risk mitigation and disaster
management.

- Mineral resource estimation. Stochastic methods are applied in mineral
resource estimation to assess the spatial distribution and uncertainty of
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mineral deposits. Techniques such as sequential Gaussian simulation (SGS)
and conditional simulation are used to generate multiple realizations of ore
body models, providing probabilistic estimates of mineral reserves.

- Structural geomodeling. Several approaches exist for creating structural
geomodels, which can be separated into three main categories:
(a) interpolation, (b) kinematic methods and (c) process simulation. The
interpolation of surfaces and volumes from spatial data is currently the most
widely used approach in geosciences, typically performed manually by
geoscientists, which requires robust knowledge of the geological setting
and extensive amounts of data in order to robustly approximate reality.
Additionally, highly complex structures such as fault networks and
repeatedly folded areas are challenging to recreate using current
interpolation methods (Fig.15) (Schaaf et al., 2021)

(a) 3-D geomodel surface view (b) Geomodel Parametrization (c) Geomodel Topology
I 2000 2000

N 1000 |

0 1000 2000 0 1000

Figure 15 — (a) 3-D view of the synthetic fault model, with top surfaces of the four lithologies
shown and the fault surface in blue. (b) X—Z slice through the center of the discretized model
showing partial input data (for visual brevity) and example standard deviations of prior
parameters used for the stochastic simulation. (c) Model overlaid with its topology graph
used as our summary statistic for the ABC (Schaaf et al., 2021)

Advantages of stochastic methods in geomodeling. Stochastic methods offer
several advantages over deterministic approaches in geomodeling. Stochastic
methods capture the inherent uncertainty in geological data, allowing for more
realistic representations of subsurface structures and properties. By generating
multiple realizations, stochastic methods provide insights into the range of
possible geological scenarios, facilitating robust decision-making under
uncertainty.

Stochastic methods seamlessly integrate geostatistical techniques such as
variogram analysis, kriging, and simulation, enabling the incorporation of spatial

dependence and correlation into geological models.
34
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Despite their widespread use, stochastic methods in geomodeling face
certain challenges:

1. Stochastic simulations involving multiple realizations can be
computationally intensive, requiring substantial computational resources
and time for model calibration and uncertainty analysis.

2. Stochastic methods rely heavily on input data, and uncertainties associated
with data quality and quantity can impact the reliability of stochastic
models.

3. Communicating the results of stochastic simulations and interpreting the
implications of uncertainty to stakeholders and decision-makers require
careful consideration to ensure effective decision support.

Stochastic methods play an important role in advancing the field of
geomodeling by addressing the challenges posed by geological uncertainty. By
incorporating randomness and probability into modeling frameworks, stochastic
methods enable more robust characterization of geological systems and
informed decision-making in various applications ranging from resource
exploration to environmental risk assessment. However, ongoing research
efforts are needed to further enhance the efficiency, accuracy, and
interpretability of stochastic methods in geomodeling.

A computer model is most often-used (Computer modeling..., 2012):

* a conventional image of an object or some system of objects (or processes),
described with the help of interdependent computer tables, schemes, diagrams,
graphs, drawings, animation fragments, hypertexts, etc., reflecting the structure
and relationships connections between the elements of the object or system.
Computer models of this type are called structural-functional;

® an unique program, a set of programs or a program complex, which enables,
by performing a sequence of calculations followed by graphical display of their
results, to reproduce (simulate) the processes of functioning of an object (a
system of objects) that functions under the influence of various, as a rule,
random factors (simulation model).

The main task of mathematical modeling of geosystems is to establish
quantitative characteristics of the influence and interaction of the main factors
in the formation of geological processes for the purposes of forecasting. The
basis for studying the patterns of formation and development of geological and
engineering-geological processes, substantiation and verification of theoretical
constructions and is used as quantitative criteria for evaluating the action of
individual factors and their groups, as well as their interaction.
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It should be noted that a computational experiment with mathematical
models is as strong and has the same importance as all other experiments. Like
other experiments, it also has its advantages and disadvantages. If during an
analog experiment, for example, with equivalent materials, there are unlimited
opportunities to create complex forms of models and there are restrictions on
the properties of the equivalent material (it is impossible to significantly change
the parameters of materials), then during a computational experiment we are
limited in the complexity of forms and not limited in changing the parameters
of the material. What is an advantage of one method may be a disadvantage of
another and vice versa. Therefore, for each task, you need to choose your own,
most optimal method.

Self-Test Questions:

1. Describe the main tasks of mathematical modeling of geosystems.

2. Describe the types of mathematical models and their application in
geomodeling.

3. Describe the direct and inverse problems of mathematical modeling.

4. What types of mathematical models do you know? Identify the main criteria

of mathematical model’s choice.

Give the examples of mathematical modeling of geological processes.

6. What are the main advantages of stochastic and deterministic models?

\n
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CHAPTER 3. PHYSICAL MODELING OF GEOLOGICAL SYSTEMS

Physical modeling assumes simulation in a physical model identical physical
fields which exist within physical objects with changed of absolute value
according to applied scale of modeling. One of the main advantages of physical
modeling that could make this option critical is the possibility of direct
observation of its processes and phenomena.

In physical modeling we emphasize analog modeling, which involves
substitution of prototype’s physical fields by model’s one , for example
substitution of mechanical stress field by electrical field, or substitution of
mechanical stress field by anisotropy computer graphics for optical fiber
materials. Thus, with a help of analog models we study patterns of phenomena
and processes occurring in physical objects, by using a mathematical analogy of
different physical objects.

There are two types of physical modeling either with increasing or decreasing
scale of simulation. The geomechanics usually studies very large objects, so in
this case we use the second type of modeling with decreasing scale of object
simulation. The basic methodologies of modeling were designed by Sir Isaac
Newton in his Similarity theory.

3.1. Basics of Similarity theory

Systems A and Al are similar only if parameters of these systems correspond
to the general differential equation of connectivity, which determined the
criterion of thermodynamic similarity. Features of similarity between different
phenomena described by three theorems of similarity which we are going to
view how.

The first theorem of similarity formulated by J. Bertrand in 1878, based on
the general concept of dynamic similarity and Newton's second law of motion:
phenomena which take place in geometrically similar systems are similar, if in
all related spots of these systems correlation of homologous variables are
constant numbers.

The second theorem of similarity formulated in the early twentieth century
independently by A. Federman, in 1911 and by J. Buckingham in 1914.
Significance of this theorem: Results of experiments to study a physical
phenomenon that are presented as criteria equations of connectivity may work
for other phenomena which are similar to researched one.
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The third theorem of similarity is a theorem on the existence of similarity.
According to this theorem to be similar for different phenomenon it is necessary
and sufficient to possess similar condition of un-ambiguity and correspond to
the same criteria for similarity determination.

There are following features that establish similarity of conditions for un-
ambiguity:

a) Similarity of geometrical characteristics of systems;

b) Balance of physical constants;

c) The similarity of initial system’s conditions;

d) The similarity of conditions on the boundaries of systems - the identity of
core criteria.

When we describe a mechanical process, mechanical similarity can be defined
by transient multiplier or dimensional scale (geometric similarity), by time
(kinematic similarity) and by mass or weight (dynamic similarity).

For two similar systems their geometrical similarity means that all
dimensions of space occupied by systems in form of model, and dimensions of
individual elements of these systems have been changed in mL times in
comprising with their actual dimensions:

— ah (3.1)

Where Lw and L, are linear dimensions of the model and prototype
respectively.
Condition of kinematic similarity for these systems requires that any similar
spots (particles) of these systems that move on geometrically similar trajectories
must pass geometrically similar paths in T time interval, and distinct from each
other defined by multiplier mr:

— a8 (3.2)

Condition of dynamic similarity for these systems requires that mass (weight)
of any systems’ similar spots (particles) should distinct from each other by
constant multiplier mwm:

— a8 (3.3)

If we define in formula (3.3) the mass (weight) as Density times Volume, it will
be sufficient to define dynamic similarity in this case by the ratio of densities
G — (3.4)

When we apply the dimension theory and key transitional multipliers m, , &
and m,, we could define the ratio of any element for these similar systems.
Particularly, under the gravitational force influence, the criterion of dynamic
similarity (Newton criterion) can be fined with the following formula:
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— —  Qtho (3.5)

Where rwifrw— are volume weight of material within the model and in

physical prototype (rocks);

Amwi Ay - strain within the model and inside physical prototype (rocks);

Formula (2.5) analysis shows that in purpose to provide mechanical similarity
between model and physical prototype for given geometric scale of modeling

(mi=Lu/L4) we have to quit in model whether equality Aw=Aw, or r w=r 4, Or even
both of them.

If we want to keep in the model equality of mechanical characteristics of

model‘s material and physical prototype (i.e. Aw=A.), the volume weight of
model’s material should be consistent with:

=8 (3.6)

In other words, to meet the conditions of mechanical similarity in case when
we use in a model some material that has the same mechanical characteristics
as natural rocks, we should increase the volume weight of material in number
of time inversely to chosen geometric scale of modeling.

For example, for geometric scale of model m=Lw/Ls« =1/100 the volume
weight of model’s material must be calculated with following formula

- =re —- p A8 (3.7)

The equation (3.7) is true if we use the model of natural rocks with fictitious

volume weight (100r H as in mentioned above case with mL = 1/100) under the

influence of inertial forces. For example it could be done by model rotation in a
centrifuge with a corresponding value of centrifugal force. This method which
we call The Method of Centrifugal Modeling was invented in 1932 by Professor
G.l. Pokrovsky and Professor N. Davidenkov .

If we apply in modeling some artificial materials with mechanical
characteristics poorer than relevant characteristics of simulated natural rocks,
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(i.e. we ignore equation Au=A.), in this case to provide conditions of mechanical

similarity between model and natural object we need to apply another equation
w8 (3.8)

Artificial materials with mechanical characteristics which matched with
applied geometric scale of simulation and correspond to equation (3.8) are
called equivalent materials. This type of modeling which we call The Method of
Equivalent Materials is based on application of equivalent materials was found
in 1936 by Professor G. Kuznetsov.

3.2. Methods of laboratory testing of geo-mechanical modeling

These methods are applied as the main methods of geo-mechanical modeling
to determine the strain - strain state of natural systems (natural rocs) for analysis
of strain and deformation fields. Their advantage is in possibility to research and
set up physical and mechanical characteristics of natural systems (rocks). In
addition, this is the main source of data for the follow-up geo-mechanical
(mathematical) simulation and calculations of strain - deformed status of natural
systems (natural rocs).

In The Method of Centrifugal Modeling models of simulated natural rocks
which were built according to appropriate geometric scale, are placed in a
centrifuge (Fig.16). As a result of fixed speed rotation the model’s volume
weight is rising under the influence of inertial forces, in other words model gain
additional fictitious volume weight.

Fixed deformation and tension in various model’s spots are key issues in
researching of geo-mechanical processes for simulation purposes. In addition,
with the help of this method we could establish optimum parameters of
steadiness for mining and other industrial structures.

In Centrifugal Modeling we use to set up scale of modeling by character n,
which shows us how many times has been increased model’s volume weight
because of rotation.

~

¢ —h (3.9)

In other words, the scale n is inverse dependent to model’s geometric scale
mL.
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Since the scale of centrifugal modeling related with centrifuge’s angular velocity
and with model’s radius of rotation R, we need to define required number of
revolutions per minute Q, which is approximately determined by the following
formula

O omn-8 (3.10)

Figure 16 - Centrifuge testing, University of Natural Resources and Life Sciences (BOKU),
Institute of Geotechnical Engineering, Vienna, Austria

To solve geo-mechanics tasks with centrifugal modeling we usually apply
from 2 to 6 identical models, and put them in pairs to centrifuge. On the next
stage we average output results and simultaneously control the reliability of
experiments by revising repeatability of results within the interval of random
deviation, in other words we check the reproducibility of experiment.

The method of centrifugal modeling with a great rate of reliability is apply in
solving tasks related to assessment of dimensions for chamber’s ceiling pillar,
in finding the optimal shape and parameters for quarries rims and heaps, in
calculation of rocks pressure on the bottom of sewage constructions, in
prediction of long-term pressure on bracings in elaborated mines with heading
in ductile clay rocks, and in many others cases (Fig. 17)
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Figure 17 - Centrifuge model testing, University of Natural Resources and Life Sciences
(BOKU), Institute of Geotechnical Engineering, Vienna, Austria

Centrifugal modeling is only one method of modeling, which use natural rocks
to set up correspondence between size of particles and molecules that
extremely important for practical implementation.

3.3. The method of equivalent materials

Unlike centrifugal modeling method, the methods of equivalent materials
instead of natural rocks use some artificial materials which correspond to
natural rocks of simulated strata. Simulation consists of several consecutive
steps.

In the first stage of tasks formulation we set up a possible degree of
schematization for geological minerals’ opencast to define the initial and
boundary conditions with possibility and rate of their interrelation within the
model. Thus, we set the size of strata area for modeling and defined the
appropriate geometric scale. At the same stage we should decide, if it is possible
to focus problem resolution whether on simulation of a flat model or build
more complex three-dimensional model.

The second stage is the selection of equivalent materials to reproduce
simulated rock’s stratum.

Today has been formulated and developed the technology of manufacturing
equivalent materials with different physical characteristics.
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After selection and specifying appropriate materials for simulation of
equivalent stratum, we should to proceed to the next step - making the model
itself. Models produced on the test stand, in form of a rigid metal frame
construction.

During model’s production at first we should put in chosen stratum some
marks and sensors to record characteristics of strain fields, deformations and
displacements. To determine the strain status and all changes that could happen
in it during the test we should used different types of micro-dynamometers.

Strain status and deformation of model’s elements can be also defined with
pair of tightly connected microscopes, which can let to detect any reciprocal
displacement of two spots with sufficiently high accuracy.

To determine displacements of spots during the testing of flat model we can
use photo images —i.e. periodically take a picture of marks on the model’s side
surface with further measurement of their shifts on photographs using
computer.

In three-dimensional models to measure displacements of spots in chosen range
we can drill mini wells similar to real bore-hole and install deep bench marks in
it.

The final stage is an actual test of model, i.e. it is timing simulation of ore moving
throw a passageway in a mine.

The method of equivalent materials allows us to track the processes of
deformation in rock stratum with high degree of details. Especially this method
is very important in case of a break in continuity, which is usually impossible with
other methods of modeling.

3.4. Polarization-optical simulation method

Polarization-optical or simply optical simulation method is an example of an
analog simulation (Fig.18).

Application of photo-elasticity method in geo-mechanics based on Levi -
Mitchell Theorem of independence nature of strain distribution in flat models
(including the optically sensitive material) from the elastic constant models in
case when resultant of applied external forces equal to zero (the main vector)
as well as a resultant of moments (main moment).
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Optical simulation method allows us to set up distribution and value of strain
in the rock’s mass and in elements of structures of any configuration under
condition when deformation of model happened without breaking of continuity.
The method is based on characteristics of the most transparent isotope
materials which called optically sensitive. These materials under the influence
of mechanical pressure gain optical anisotropy and ability of double refraction.
Double refraction is the process when light beam passing through a transparent
crystal substance could decompose into two mutually perpendicular plane-
polarized components which spread inside substance with different speeds.

For geo-mechanics purposes it is very convenient to use organic glass and
epoxy resins. In this case from plates made of these materials with appropriate
scale we can cut samples for research purposes (or set of working samples).
With the help of these samples we could study strain distribution under various
types of plate pressure under the influences whether of tensile or compressive
forces.

Figure 18 - Polarization installation: a - general view, b - scheme of installation, 1 - box of
frosted glass, which with mercury or natrium lamps, 2 - polarizer, 3 — Model, 4 - Analyzer, 5 -
Screen

Another way in modeling associated with applying of photo-mechanics for
study deformation of rocks under the influence of inelastic deformations,
including strain plasticity and creep. In this case we speak about photo-plastic
and photo-creep effects of applied optically sensitive materials.

The method of optical modeling provides a fairly clear idea about the status
of strain in the rock mass around mining facilities of any configuration.

To solve the problems associated with dynamic processes in the rock mass we
now use electro —analog modeling techniques, i.e. it is the method of electrical
modeling of mechanical fields. Electric models can be of two types. First is a
method of electro-hydrodynamics analogies (EHDA), invented in 1922 by
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Academic N. Pavlovsky. In this method we use variable electrical characteristics
of integral conductor substance.

Another method, known as The Method of electrical network of direct
analogy (ENDA) provides substitution of integral substance by the network of
some elementary electrical cells, which parameters are defined according to
characteristics of substance in mechanical system and to similarity criteria as
well. Electrical cells are elements of voltage, current, inductance, and capacity —
and all of them are analogues of mechanical stress, the elastic displacement,
mass, and flexibility of elementary volumes of simulated rock’s mass.

To solve geo-mechanics tasks, along with pure methods we often use some
combination of them, for instance we use mix of centrifugal modeling with
polarization-optical method or combination of the method of equivalent
materials and centrifugal modeling.

Three-dimensional models of optically sensitive materials are also usually
applied with centrifuge, combining in this case principles of optical method and
the method of centrifugal modeling.

Combination of optical method and the method of equivalent materialsis also
very often applied in simulation. For example, with help of optical method we
can research stress distribution in the area of sustaining pressure with the
greatest details, and also we use the method of equivalent materials for the
same research to study development of stratum deformation in situation with a
break of continuity, as well we could learn about rocks interaction mechanism
that shifting down from support bracings.
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3.5. Physical Analog Model Applications

Physical analog models:

Allow seismic interpreters to see three-dimensional (3D), kinematically
and geometrically realistic simulations of geologic structures. Physical analog
models are particularly useful for exploring fault system kinematics where real
world analogs are not accessible

Provide quantitative data for input to seismic interpretation and
numerical models, including finite element modeling and reservoir simulation

Can be configured at a range of scales: crustal, basin, field, and outcrop,
including structures below the detection limits of seismic methods

Show geometric development of complex structures (data vital for
modeling the petroleum system through maturation, migration, and reservoir
charge stages)

Can be used to test a variety of tectonic histories. By calibrating model
results against natural structures, tectonic history can be incorporated into the
interpretation of complex structures

Aid in the interpretation of fractured reservoirs, including information on
fracture density and fracture orientation

Provide understanding of fault geometry in faulted reservoirs or faulted
aquifers.

Different approaches in modeling

In analogue modelling, three fundamental approaches exist (Fig. 19),
depending on how deformation in the system is driven: externally (open
system), internally (closed system), and both externally and internally (open
system). Below we will describe these three different approaches, explain the
reasons for using them, and discuss how they are suited (or not) to different
research questions.

External approach is the first approach, deformation in the model is driven
entirely by externally applied boundary conditions. This means that during the
course of an experiment, energy is added to the experimental system, and so
the system is open. Thus, the experimenter imposes the experimental
conditions both initially and continuously. It is this externally added energy that
is the driver of deformation or flow in the experiment. We will refer to this
approach as the external approach and to models that use this approach as
externally-driven models. The most commonly used external boundary
conditions are velocity boundary conditions (kinematic external approach),
thermal boundary conditions (thermal external approach), and material influx
conditions (material influx external approach).
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Combined (external + internal) approach - in the second approach,
deformation in the model is driven partly by externally imposed boundary
conditions and partly by internal buoyancy forces. As with the first approach,
this means that during the course of an experiment, energy is added to the
experimental system, and so the system is open, and the experimenter imposes
the experimental conditions both initially and continuously. However for the
second approach, deformation and flow in the experiment is driven both by the
externally added energy and by the energy internal to the system (potential
energy).

Internal approach - in the third approach, internal buoyancy forces that are
present in the experiment itself drive all the deformation and motion. We will
refer to this approach as the internal approach, and models using this approach
as internally-driven models. Thus, in internally-driven models the experimenter
imposes the experimental conditions only initially. Internally-driven models are
often referred to as either fully dynamic models, self-consistent models or
buoyancy-driven models (but note that there are also buoyancy driven models
that use the thermal external approach or combined approach. In internally-
driven models, no external (non-zero) velocities, forces or temperature
gradients are applied and no materials are added to the experimental system.
As such, no energy is added to the system during (Schellart&Strak, 2018) the
experiment, meaning that energy is conserved and the system is closed.
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Figure 19 - Classification scheme illustrating the three fundamental approaches of
analogue modeling of geological and geodynamic processes (Schellart&Strak, 2018)

The internal approach uses mostly linear viscous rheologies (e.g. silicone and
syrup) sometimes in combination with brittle (e.g. granular materials) or visco-
plastic (e.g. paraffin-petrolatum mixtures) rheologies. Both the combined and
external approach use a larger variety of materials with different rheologies such
as linear viscous, non-linear viscous, brittle, plastic, visco-plastic and viscoelasto-
plastic rheologies (e.g. syrups, silicones, granular material, clay, plasticine,
hydrocarbon composites, waxes, paraffin, petrolatum, gelatin).

The internal approach has the advantage that internal driving forces
(buoyancy forces) can be accurately quantified and scaled, and can be compared
to the internal resistive forces. The combined approach has the disadvantage
that, in order to properly scale to nature, the externally imposed force or added
energy needs to be quantified and compared to the internal buoyancy force or
potential energy of the system. This is generally never done in experiments that
use this approach, and so it is not known if these experiments are properly
scaled with respect to nature.
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Self-Test Questions:

1. Describe the main tasks of mathematical modeling of geosystems.

2. Describe the types of mathematical models and their application in
geomodeling.

3. What types of mathematical models do you know? Identify the main criteria
of a mathematical model’s choice.

4. Give the examples of mathematical modeling of geological processes.

5. What are the main advantages of stochastic and deterministic models?
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CHAPTER 4. COMPLEX MODELS OF NATURAL AND MAN-MADE SYSTEMS.
MODELLING OF GEOLOGICAL ENVIRONMENT AND GEOHAZARDS IMPACT

4.1. Modeling the impact of geological processes on natural and man-made
systems

Research related to the geomodeling and assessment of the qualitative and
guantitative impact of the geological environment and geohazards on man-
made systems requires a mandatory detailed analysis of these impacts, their
structural and functional typification and classification.

The scale of manifestation and effects of the geological environment on man-
made structures, their features and intensity depend on many factors
determined by the nature of the interaction and interrelationships of individual
components, landscape-climatic, geological-geomorphological conditions and
technological characteristics of the structures.

The most of the classification constructions relate to the analysis and
classification of mainly man-made impacts on the geological environment,
which is considered as a substance that interacts (currently or in the potential
future) with various engineering and economic structures.

According to the mechanisms of the impact of the geological environment and

geological processes following types of the impact can be distinguished (Fig. 20):

1. Physical impact, caused by the energy transfer from certain physical
fields.

2. Physic-chemical impact, related to physical and chemical properties of
rock suites and interactions between different components of a natural
and man-made system.

3. Chemical impact includes chemical nature of processes, related to the
chemical and biological interaction between substances and components
of the geological medium within rock formations and ground waters.
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Let's consider each of the types of impact in more detail, determining its
nature and the geological process that interacts with it.

The physical type of influence unites the processes of physical nature, which
are the largest and most diverse and are carried out mechanically. Within this
impact, depending on the type of physical field acting on the structure, such
classes as mechanical, hydromechanical,  hydrodynamic, thermal,
electromagnetic are distinguished.

Mechanical influence is transmitted to engineering structures based on the
mechanical interaction of material bodies, which is different in nature.
Mechanical influence leads to damage and destruction of structures and is
carried out by force without hydromechanical influences. Mechanical influences
on the man-made systems are carried out due to exogenous geological
processes, the most influential of which are gravitational processes and
cryogenic phenomena.

The first group of processes has a gravitational nature, therefore, mass forces
are necessarily involved in their formation. They occur in rheologically different
environments (viscous, plastic, elastic), and taking into account the change of
conditions - elastic-viscous-plastic. Cryogenic phenomena of various genetic
nature are associated with the mechanical impact of seasonally frozen and
perennially frozen rocks and changes in their rheological characteristics.
Hydromechanical effects are effects carried out by means of hydromechanical
mechanisms and caused by the movement of particles in gaseous and liquid
media. In the geological environment, they are associated with the processes of
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water accumulation and erosion. These impacts can also be caused by a change
in the level of groundwater and its pressure.

The second group includes effects of a thermal nature caused by the action
of thermal fields. This impact is one of the leading within the cryozone, which
definitely affects all technological elements of the man-made system due to a
sharp change in the temperature regime of rocks and their acquisition of various
thermophysical properties, which significantly depend on their condition,
lithological composition and structure. Outside the zone of distribution of
seasonally frozen and permafrost rocks, this influence affects the state and
functioning of structures through the processes of heating and cooling of such
components of the geological environment as soils, surface water, etc., but it
does not have such a catastrophic effect as the action of cryogenic phenomena.

Electromagnetic influences are caused by the action of electric, magnetic and
electric fields and can be both long-term and short-term.

In the class of physic-chemical influences, there are processes caused by
various surface physico-chemical phenomena occurring in rocks and
underground waters. These are processes such as diffusion, leaching,
dissolution, precipitation, adsorption, capillary phenomena, etc.

Chemical influences are based on exchange and redox reactions, as well as
reactions with the formation of complex compounds, etc. This is the chemical
interaction of various substances and components of the geological
environment (rock complexes, surface and underground waters) with
engineering structures.

The processes of karst formation caused by the dissolution or leaching of
fractured soluble rocks under the action of underground or surface water are
also related to chemical influences.

Special attention should be paid to weathering processes that occur as a
result of a single and complexly interconnected physical, chemical, and
chemobiogenic process. The weathering process itself does not have a
significant impact on facilities, but it is a preparatory and catalyzing process for
the activation and intensification of other hazardous processes and phenomena,
such as gravitational displacements, cryogenic effects, etc.

The main factors and agents causing the considered impacts of various nature
should be considered the gravitational factor (acts in the formation of all
processes), hydrodynamic, temperature, physico-chemical and biological.
Exogenous processes of influence on PTS, subject to the action of these factors,
are shown in fig.21.
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The methodology (Fig. 22) for modeling of hazardous geological processes
and assessment of their impact on infrastructures includes:

consistent analysis of geological processes and geological situations
within the territories of occurrence of hazardous geological processes and
simulative polygons;

research of natural risks, determination of input parameters of modeling
on the basis of theoretical, empirical and experimental data and GIS analysis;

the formulation of complex tasks of qualitative and quantitative
assessment of the influence of geological processes and environments on the
functioning of engineering systems, natural and man-made systems, and
calculations of their stress-strain state;

development of physical, geological and physical and mathematical
models of the geological environment and processes with associated GIS
analysis;

prediction of the impact of dangerous geological processes on man-made
objects;

assessment of natural risks;

development of preventive measures to minimize the negative impact of
hazardous geological processes on critical infrastructure objects.
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The rheological type of the environment in which the above-mentioned
processes take place can vary and depends on the nature of the interaction of
various components of the geological environment and infrastructure.

Rheology is the study of the flow of matter, primarily in the liquid state, but
also as 'soft solids' or solids under conditions in which they respond with plastic
flow rather than deforming elastically in response to an applied force
(Schowalter, 1978).

The rheological type of the depends also on the nature of the combined and
sequentially acting processes and phenomena such as elastic (elastic-
instantaneous and elastic aftereffect) deformation, plastic (damping creep, in
viscous flow, undamped creep or progressive flow) deformation and brittle
fracture. Accordingly, the effects of the geological environment and hazardous
geological processes are approximated by rheological models, the main ones
being the model of elastic, plastic and viscous environments. Each model is
expressed by a set of main rheological equations that relate the features of
deformations to the features of stresses (Fig. 23).
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Figure 23 - In a graph strain versus time, in experiments where the stress is maintained
constant, elastic, ideal plastic and viscous behaviors reveal again three different
relationships

Elastic models characterize both isotropic and anisotropic solids. This is the
type of behavior that can occur in rock complexes even under stresses of
negligible magnitude and short duration. It should be noted that the ability to
inverse elastic deformation is also preserved in rocks subjected to cohesive flow
and creep under conditions of continuously acting stresses. The main equation
for a linearly elastic material 0 = Ce expresses the unequivocal relationship
between the stressed state and the state of infinitesimal deformations by means
of the tensor of scalar coefficients C, the form of which depends on the material
properties.

Plastic rheological models characterize the flow behavior of rock complexes,
while residual deformations that develop at stresses above the yield threshold
are characteristic. Plastic behavior can occur with or without strain hardening.
In plastic rheological models, the total final deformation depends on the path of
deformation development and is a curvilinear definite integral of a sequence of
infinitely small increments of deformation, each of which is in some way related
to the instantaneous stress state.

One of the most common is the theory of small elastic-plastic deformations,
which formulates the relationship between the intensity of stresses and the
intensity of deformations at the same point

b=p (0 (&€ )0 (b 564

(4.1)
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where ox, oy, 0z - normal stresses in coordinate planes passing through this
point; txy, Tyz, Tzx - tangential stresses; €x, €y, €z - elongation strains; yxy, vyz,
vzx - shear strains.

When considering theoretical models of plastic deformation, it is considered
that yield deformation begins at a certain state of stress and strain (at the yield
point).

To establish the moment of onset of flow behavior, flow criteria are used,
which are expressed in terms of "yield stress" oc in the state of uniaxial stress.

The simplest criterion is the theory of the maximum tangential stress of Tresk
and Saint-Venant, in which it is assumed that yielding begins at the moment
when the maximum tangential stress Tmax = (01 — 03)/2 reaches a certain critical
value. From the definition of oc as the differential stress under axial compression
or tension oc = 2 Tmax. The yield criterion was also proposed by Mises.

In theoretical models of ideal plasticity, in which the material is assumed to
be elastic-plastic, the total deformation €T at any moment consists of two parts:
elastic deformation €E and plastic deformation €P. At the same time, it is
assumed that the material is isotropic and linearly elastic for the average normal
stress 00 at any stage; at stresses below oc, the behavior of the material
corresponds to Hooke's law; for plastic deformation, the material is
incompressible and all stresses and strains coincide, and the rate of change of
plastic deformation at any moment in time is proportional to the instantaneous
stress state. However, it should be noted that in practice, solving many problems
of plastic behavior is a significant problem and requires complex theoretical
constructions.

Viscous rheological models (Fig. 24) describe the behavior of, as a rule, liquid
substances. Viscosity is a measure of the relationship between strain rate (or
rate gradient) and stress. Since secondary or steady creep (pseudoviscous flow)
is similar to the behavior of a viscous fluid, the slow flow of rocks is interpreted
as a phenomenon characterized by viscosity.

Viscous

-

\ B =tan-1n

|

s t, é

Figure 24 - Viscous Behavior

Viscous flow (Fig. 24) is a manifestation of diffusion, while the tense state
causes a certain deviation of the directions and absolute values of the diffusion
components. The process that occurs in this case is viscous flow in liquids and
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pseudo-viscous flow in solids. If we consider an ideal or Newtonian fluid, then in
this case the instantaneous stress is proportional to the rate of deformation, i.e.
S=V'e (4.3)
where the tensor v expresses the mechanical properties of the liquid.
For an isotropic material, the tangential and normal stresses are expressed
through the components of normal and shear deformation by equations of two
types:

T=ny, (4.4)
where n is the viscosity coefficient, and
s=4q (4.5)

where 0 is a material constant that characterizes the "tensile viscosity" or the
coefficient of viscous coupling.

In a certain range of flow rates, some fluids can be considered close to
Newtonian, that is, their viscosity will not depend on either stress or time, and
the curves of strain rate versus stress are essentially linear. The viscosity of
substances that have a complex internal structure changes depending on the
rate of deformation, thereby reflecting the change in internal configuration
when the flow rate changes. When the flow rate increases, the viscosity either
increases or decreases. The latter is characteristic of sedimentary complexes
and soils, which can become very fluid under various influences (e.g., seismic).

It is obvious that the ideal models of the behavior of rocks and complexes and
the geological processes occurring within them, described above, are abstract
models that can only serve as a basis for describing the behavior of real
phenomena.

In fact, the real existing natural geological processes and rheological different
geological environments are characterized by very complex behavior, which
should be considered as a combination of these ideal models. These types of
behavior can occur either simultaneously, or each of them will prevail in a
certain range of physical conditions. Combined models characterize elastic-
viscous and elastic-visco-plastic behavior.

4.2. Modeling the impact of gravitational processes on natural and man-
made systems

Mathematical modelling and assessment of debris flow impact on
infrastructure

Debris flows are water-gravitational processes which are characterized by
specific geological, geomorphological and climatic conditions. Formation of the
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debris flow is characterized by non-stationary and avalanche movements, as
well as a multi-phase formation process.

Debris flow prediction and evaluation of factors for debris flow formation are
quite difficult tasks, coping with which is impossible without a quantitative
theory of debris flow formation and impact based on complex mathematical
models describing different stages of the debris flow process. The development
of such a theory and its practical application are related to fundamental
challenges, stipulated by complexity and multifactor debris flow phenomena,
and a great number of changeable parameters.

The results of theoretical and experimental dynamic studies of water flows,
which are similar to fluid streams, are widely used for debris flow modelling.
Many researchers offered a range of methods to determine discharges of flows,
volumes and types of river floods, equation of hydrographs, analytical research
of parameters of run-offs, such as run-off coefficient, duration of flood, etc. Also,
the principle methods and research procedures of common factors of river run-
off, which may also be used in the estimation of debris flow hazard have been
determined. In order to create mathematical models of fluid streams, methods
of suspended stream hydraulics are usually used, which provide a better option
for studying debris flow movement and dynamics. One of the first methods of
calculating the velocity of fluids was suggested by F. Wang. Later a method of
calculating flow velocity as a fluid using the Chezy formula has been applied by
many researchers. Debris flow velocity, slope and roughness of the channel,
specific gravity of sediment and runoff mass, hydraulic radius of the stream, etc.
are the main parameters for this method.

To determine the dynamic parameters of debris flows, S. Fleischman offered
to use the equation of Newton for viscous fluid movement on a flat surface with
a constant slope. The main principles and correlations characterizing the
movement of water flow with solid ingredients have been used for the
description of fluid stream movements and to significantly simplify calculations,
although their applicability to assess the debris flow hazards issue is still
disputable.

Numerous models devoted to assessing the main features of debris flow
phenomena have been proposed by many scientists. Thus, O’Brien has designed
a mudflow model for watershed channels based on the Bingham model.
Takahashi and Tsujimoto proposed a 2D finite volume model for debris flows
based on a dilatant fluid model coupled with Coulomb flow resistance. O’Brien
et al. conceived a 2D finite difference model.

(FLO-2D) for routing non-Newtonian flood flows on alluvial fans, based on de
Saint—Venant equations. Based on the integral method, Papa and Pianese have
developed the debris flow model which helps to calculate the impact of cross-
sectional velocity, density and pressure on debris flow modelling.

58



At the same time, in order to study specific characteristics of formation and
dynamics of viscous-plastic flows or solid particle—viscous fluid mixtures, we
must use the results of the theory of visco-plastic media application and
constitutive modelling. A suitable constitutive model which can capture the
solid-like and fluid-like behavior of a solid—fluid mixture describes the
development of pore water pressure (or effective stresses) in the initiation stage
and determine the residual effective stresses. Wu et al. have developed a
constitutive model of debris materials based on a framework where a static
portion for the frictional behavior and a dynamic portion for the viscous
behavior are combined. The frictional behavior is described by a hypoplastic
model with critical state for granular materials. The viscous behavior is described
by the tensor form of a modified Bagnold’s theory for solid—fluid suspension.

Summarizing the existing methods for debris flows modelling and
calculations, it should be noted that despite the great number and diversity of
approaches, none of the proposed methods could be universal and applied for
the evaluation of debris flows formations and dynamics in all areas. Several
features of debris flow phenomena still constitute an open issue, such as the
rheological behavior, real velocity, mechanisms of sediment transport etc.

The majority of the characterized models describe in detail the various stages
of debris flow formation and its effects. However, peculiarities of geological and
geomorphological structure of debris flow hazard areas, hydrometeorological
characteristics as well as neotectonic and hydrogeological regimes dictate the
need for the development of proper debris flow hazard prediction tools and
determination of hydrodynamic debris flow parameters, which are peculiar
exactly to certain areas.

In this framework, based on the above-mentioned, these investigations
propose the proper complex for the Carpathians.

The algorithm for calculating the debris flow impact on infrastructure in the
Carpathians

The below algorithm is based on empirical data from the Carpathian Mountains
and fundamental laws of hydrodynamics, in particular, the Bernoulli equation.
Using this equation, we can obtain the illustration of the impingement
hydrodynamic pressure. Assuming that motion of an ideal fluid is adiabatic and
stationary, while mass forces are conservative, the following formula is executed
on the flow lines

V2
?-I-H-I-P:const’ (46)

that is called the Bernoulli integral.
For homogenous uncompressed liquid p = const gnd that’s why
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2 p
—+ I 4+ — = const
2 p (4.7)

If mass forces are gravity forces (1 = gz), then

w2

— + z + — = const

2g Pg (4.8)
v b
where 2z — velocity height; z— elevation; r= — piezometric height.
If we have two cross sections of stream 1 and 2 and indicate the corresponding
values of pressure, velocity and height for each of these cross sections via

P1.V121,P2, V2% we'll have another form for the Bernoulli integral:

v,? 551 _V_zz b2
2g P g 28 T2 e (4.9)
Choosing the position of the second cross-section on the wall of a fixed
obstacle (for example, road, bridge, etc. (fig. 25) we will have the obvious

equations: v2 = 0,z; = z;,

Hence
Vil Pi_P2
2g pg pg (4.10)
or
p_(p2—p)_Vv*
% Y 2g (411)

Figure 25 - Cross section of debris flow channel along the road: 1 — bridge; 2 — debris flow
channel; 3 — debris flow formation
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Considering the scenario of flow collision with an obstacle, the last formula

may be rewritten in the form:
2

2g (4.12)

where the K — coefficient, considering the characteristics of bodies, is guessed
to be equal to 2; « — the evaluation velocity coefficient by the quantity of motion
is guessed to be equal to 1-1.33.

It should be noted that in the Bernoulli distribution, we assume that the flow
acts like an ideal uncompressed liquid, although in reality, it is a mixture with a
great difference in densities of solid and liquid parts.

Now we’ll have a formula for hydrostatic pressure. According to the hydrostatic
Pascal’s paradox, we have the following formula for the main vector of fluid-
pressure-induced force on the wall of the obstacle with surface area s:

R =yz.S, (4.13)

where z— is the vertical coordinate of the gravity centre ¢ of area S. Hence, for

the pressure we’ll have:
R

Prg T (4.14)

or

(4.15)

where #—-flow depth.
Thus, making expressions for shock hydrodynamic and hydrostatic pressures,
we obtain an expression for the full pressure of the stream:

H 2 H v?
p =}/—+}/Ka—=£(g—+fx’a—).

2 2g 2 2 (4.16)
Assuming that g # 10 in this formula, we’ll have:
H 2 2
p Z'yE—I—yKaE:O.l'y (SH—I—Ka?) (4.17)
By K =2 and « =1 we’ll obtain the formula:
protal = 0,1 y,(5Ho + v°) (4.18)
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where P (T/m?) — total pressure; 1. (T/m3) — average density of the debris
flow; Ho (m) — depth of debris flow; 0 (m/s) — velocity of debris flow.

For quantitative prediction of the force effect of the debris flow impact on
various infrastructures, it is necessary to determine a range of debris flow
parameters, which is quite a complicated task. Geological and geomorphological
data, parameters of river valleys and flow channels, characteristics of potential
debris flow formation and others have been defined by previous investigations
and included in regional databases and maps. It also includes data of long-term
hydrometeorological observations, in particular for defining the rainfall regime,
frequency of extreme situations, density of debris flows, etc. Significant
difficulties arise in determining the main dynamic parameters of the debris flow
such as velocity, as well as the depth associated with the channels and valleys,
rainfall, runoff, flow rates etc.

Calculated formulas for the maximum flow discharge are very diverse and
based on different principles. Most of them take into account the area of the
watershed, intensity of rain and run-off, as well as less significant factors.

In the formula of D. Sokolovskyi flow discharge Q. (m3/sec) and form of
hydrograph have been considered:

_ 0.28aH.F,
Q=—""7In (4.19)

where H: (mm) — rainfall, determined as a result of average rainfall intensity
¢and its duration; « — run-off coefficient; (h) — time of flood raise; £ (km?) —
watershed area; — coefficient of hydrograph form.

The run-off coefficient depends on rainfall, soil moisture and infiltration
regime. The intensity of infiltration is one of the main factors of the substrate
surface, which is determined by the nature of soil and vegetation. During the
early stages, infiltration intensity could be quite high, but after filling pores with
water, it decreases and asymptotically approaches the established value of
filtration.

According to our investigation in the Carpathian region the run-off coefficient
in the dry period varies from 0 to 0.2, in the wet period it increases to 0.4 - 0.5,
and in particularly rainy periods it reaches 0.7.

The effectiveness of the formula of D. Sokolovskyi in the calculations module

is decreased by an inaccurate determination of the value and the I coefficient.
We can use the last empirical formula for this:

12
=5y (4.20)
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where v (m/sec) — the maximum velocity at the cross section of a flow, it
requires data of flow velocity.

In general, according to the effect of run-off, the rainfalls are divided into
several types: 1) rainfalls - short and intense rains lasting no more than 2-3 hours
and with average intensity ¢10-20 mm/h; 2) rain showers lasting from a few
hours to several days with average intensity ¢2-10 mm/h; 3) widespread rain,
as a rule, with an intensity of 3-5 days and more with a small average intensity
&x2 mm/h. The maximum debris flow effect is executed by rainfalls of the first
type, although the probability of debris flow occurrence due to other types is
also high. It should be noted that the overall duration of the rains is not sufficient
for their characteristics regarding the drainage effect, but it is desirable to take
into account the duration of their effective part, within which the rain intensity
exceeds infiltration intensity. It is clear that with the increase in rainfall duration,
its intensity decreases (Fig. 26).
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Figure 26 - Diagram of the dependence of rainfall intensity on its duration (for Eastern
Europe): 1 — average intensity of rainfall; 2 — rainfall intensity according to the calculation
formula of M. Protodyakonov

For the Eastern European area, this formula is followed (calculated on the
data of long-term meteorological observations over 28 meteorological stations
in this region):

5
T 1+ 0,06t (4.21)

a
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It is necessary to note that the choice of the method for calculating the debris
flows velocity is of key importance. It is known that velocities depend on channel
shape, its inequalities and depth of flow. Usually, the velocity is determined by
the well-known Chezy formula. However, due to the variability of the
coefficients of channel inequalities, and also the fact that the Chezy formula
reflects a uniform motion, sometimes we have a low accuracy of calculations.
Morphometric elements of the channel, in particular depth and slope, included
in the Chezy formula, vary not only from the velocity. The exact velocity is often
a more stable value than its constituents. Nevertheless, the formula of
maximum velocity has been proposed:

Vinax = 17,0]%4hg,° (4.22)

where Viax— maximum velocity in the cross-section; / — channel slope; heo—
average depth on the effective cross-section at maximum accumulation.

M. Protodiakonov, considering the dependence of run-off velocity V m/sec on
channel slope I %o, discharge Q m3/sec, as well as the surface irregularities and
channel cross-section, has proposed to determine the flow velocity according to
the Chezy formula with a coefficient by Manning:

13 ky = 0,075(2)ks
V = k,QaIs; L= DR (4.23)

1
Here I — average channel slope, %o; — coefficient of bottom irregularities;
R

vo — coefficient depending on the form of the channel cross-section; R —
hydraulic radius, m; «— area of the effective cross-section, m?.

These formulas are used in the calculation module as a controlling
comparison of calculation results obtained by other methods, which are based
mainly on generalized empirical data.

It is important to note that the maximum level of flow velocities
simultaneously reflect rainfall intensity (flow discharges) and valley features
(longitudinal and crossing profiles, terrace existence etc.), which in its turn
reflect the time of valley formation and potential erosion processes. Trends of
velocity may be defined for a region by long-term observations and used as
integral characteristics for predictive assessment of flood and debris flow
hazards.

Analysis of hydrological data of the Carpathian region allowed classifying flow
channels by length. Channels are proposed to be divided into three groups by
the channel length: 1) L1 < 1 km; 2) 1 =L <5 km; 3) L3 =5 km. On the base of
available data, the following empirical dependences on rainfall duration have

k=
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been determined for each group. We consider the change of intensity and
critical velocities: v1 =5VT; v, = 3VT; v3 = 23T |
Thus, setting rainfall intensity — H:, its duration in hours — T, area— £, soil ability
to absorb water —«a coefficient and channel length for this district — L, we can
calculate the velocity and discharge of debris flows — correspondingly v- and @-.
On the other hand, these values are connected with the area of the debris flow
channel with the following ratio:

Qc=1c"S, (4.24)
where S —the area of the cross-section of the debris flow channel. Then
_Q

Ve (425)

Let’s think that the channel cross section has the form of a trapezium with a, b
bases and Ho height. Then

S

atb

S== Ho (4.26)

Assuming that the channel width on the bottom (2 value) and the angles of the
channel slope (¢:. #2) are known, geometrically we have:

b = a+ Hylctgp, + ctgg,) (4.27)

and

_ Hp )
S = [a +7(Ctg¢‘1 +ctgd,)| - Ho (428)

We receive an equation for finding out Ho debris flow depth according to the
set values of slope angles and flow width on the bottom as well as by the earlier

calculated debris flow discharge and velocity:
HZ (ctgp, + ctgp,) + 2aHy — 2% =0 (4.29)

Hence

—a+ \/az + ZE—CC(ctgc;‘)l + ctg,)

o= Ctg9:+ ctad, (4.30)

Thus, by setting debris flows density and using the developed mathematical
model, we can calculate a complete unstable (dynamic) debris flow pressure on
the infrastructure.

The hydrodynamic force affecting the obstacle is calculated according to the
formula: F = P®*t-S
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The presented algorithm, based on empirical data from the Carpathian region
and the fundamental laws of hydrodynamics, demonstrates the necessity of
choosing calculation formulas and quantities, the determination of which is
possible under specific situations and geological and geomorphological
conditions. Based on the proposed algorithm, the software module was created.
This module allows us to model the impact of debris flows on the infrastructure
in the Carpathian region.

Let’s consider the application of the proposed method in the study area of the
Ukrainian Carpathians. Analytical and field research was held in the Latoritsa
river basin in the Carpathian Mountains (Fig. 27). It covers an area of
approximately 804 km?. Several existing and potentially dangerous areas have
been found there.
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Figure 27 - Map of the study area and digital elevation model of Latoritsa river basin,
Ukrainian Carpathians

One of them is situated in the Abranka river basin where heavy rains caused
flash flood and debris flows (Fig.28). The debris flows caused damage to houses,
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infrastructures and agricultural fields (Fig.29). From the geological point of view,
the study area is situated in the Eastern Carpathians and the Transcarpathian
depression. It covers the Duklyanskaya, Magurskaya, Porculetskaya and
Penninskaya structural-facial zones. These zones are the regional sheets with
the changeable configuration and different amplitudes of thrust. The asymmetry
of the mountain ridge with inclined south-west slopes and steep north-east
slopes is the main relief peculiarity of the area. There are two structural layers
of geology. The lower layer consists of the carbonaceous-terrigenous and
terrigenous Mesosoic-Cenosoic (mostly flysch) formations. Coeval deposits have
a different facial structure. Their main characteristics are the matter
composition of the flysch deposits, their colouring, calcification, texture
features, presence of organic matter and fossils, reference horizons and
thicknesses. These characteristics of flysch deposits are the most important for
the hazardous exogenic processes formation because different types of flysch
are very diverse in their mechanical properties and reaction on destructive
processes. The upper layer consists of the Neogene-Quaternary sedimentary
deposits, volcanic, and volcanic-polymict deposits with flat bedding. Quaternary
deposits are presented by alluvial, deluvial, lacustrine and glacial genetic types.
The territory is prone to be affected by debris flows due to the geological,
geomorphological and climatic conditions. Therefore, the main conditions of the
mudflow formation are as follows: a) presence of rock destruction products
which could be a solid matter of the mudflow; b) sufficient rainfall excess for
removal of unconsolidated material; c) rugged surface of relief that provides for
simultaneous movement of large quantities of water/soil mass at high velocity
levels. All these parameters are included in the method and calculations.
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Figure 28 - Digital Elevation Model and debris flow inventory of Abranka catchment
(Ukrainian Carpathians)
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Figure 29 - Consequences of debris flows activity in Abranka village, Transcarpathian region,
Ukraine

As a result of using the calculation module "Debris flows", created on the base
of the developed algorithm, the differentiation of indicators of the debris flow
hazard within Abranka River and its tributary was determined. They depend on
the morphometric parameters of debris flow channels, lithology and mechanical
properties of potential debris flow material, catchment area and
hydrometeorological factors.

The following conclusions can be made based on the calculations and analysis
of the impact of various combinations of debris flow hazard factors.

Morphometric and morphological characteristics of debris flow channels have
an important influence on the flow formation, its velocity and depth. The
maximum levels of the average flow velocities depend on the intensity of rainfall
and characteristics of the valleys, which in turn reflect the time of formation of
the valleys, erosion processes and tectonic regime. Critical velocities are in the
short, high-order tributaries with significant slopes and relatively narrow valleys.
They are quickly reached during short-term rainfalls, and, conversely, in long
streams (rivers) with terraced valleys, the critical velocities are possible only
during long-time rains. At the same time, in valleys of different lengths,
velocities can stabilize reaching a certain level at any duration of precipitation.
Thus the main channel of the Abranka river has a significant potential for debris
flow hazard only in case of a significant amount of precipitation and the
presence of debris. The hazard is possible only with flow depths more than 2.5
m and in fact similar to critical flood events in the Carpathians.
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4.3. Numerical modeling of the influence of different types of flows on
natural and man-made transport systems

Analysis of the negative impact of dangerous geological processes on
demonstrates the significant role of various types of flows in disrupting the
dynamic balance of various-scale natural and man-made systems.

The assessment of the influence of flows of viscous, viscous-plastic and plastic
geological environments on engineering structures requires taking into account
different types of flows (stationary and non-stationary downslope) in the widest
possible range of changes in properties and, accordingly, parameters of the
geological environment, as well as flow parameters, in combined with the forces
caused by the operation of man-made structures (Fig. 30). In this regard, a flow
classification scheme has been developed, which can be used in calculation-
analytical modules of various information-analytical systems based on the
assessment of the state and forecast of the behavior of the geological
environment. This classification provides for the division of all types of flows into
stationary and non-stationary slopes (Fig. 31) engineering structures within
different landscape and climatic zones.
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Figure 30 - The interaction of flows and pipelines (Ukrainian Carpathians)

To assess the impact of different types of flows on the functioning of transport
systems, we will give an example of calculating hydrodynamic loads on a pipeline
when flowing around it in the flows of viscous, viscous-plastic and plastic
geological media, which differ significantly in viscosity, density and speed, as
well as the determination of the stressed-deformed state of the pipe bending
under the action of the flow.
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Stream type

Permanent stream Temporary slope stream

! l&

‘Water stream Water stream

Stream parameters Stream and slope parameters

| flow velocity | | Flow dept_}ll:and pipe | | flow veIOCIty | Flow depth and Slope
\ \—mﬂﬂl‘“‘—‘

Slow velocity (up to Near bottom Slow velocity

0,1m/s) (up to 0,1m/s)
m average velocity ‘ Flow inside
Subsurface

(0,1-1m/s)
Subsurface

Hi velocity(1-3 m/s)

[Extra hi velocity(>2 m/s)

Near bottom

average (go0129)
average velocity

(0.1-1m/s) ‘
Hi velocity(1-3 m/s)

Deep (12-202)

Very deep
>20°

xtra hi velocity(>2 m/s)

Figure 31 - Classification of flows which can be used in calculation-analytical modules of
various information-analytical systems based on the assessment of the state and forecast of
the behavior of the geological environment

Let us give an example of the algorithm of the determining the load on a pipe.

A characteristic parameter for determining the load on the pipe is the

Reynolds number

Re=Yd

n, (4.31)
where V — flow velocity, d — pipe diametr, " — kinematic viscosity

The weight ratio of the pipe also plays an important role P and Archimedean
"d? R

w

force © 4 ;g. Ratio Fa, along with the hydrodynamic force, determines the
position of the pipe in the flow of any type, except for the case of sediment
transportation. Usually, the pipeline is equipped with special devices (weights)
that keep it at the bottom, if their weight is not enough, the pipe breaks away
from the bottom and bends both in the horizontal and vertical planes. Its
position in the stream, in particular (distance from the bottom and from the free
surface of the water) depends on the width of the stream and its depth (H).
Cases when a fragment of a pipe falls into a stream also occur as a result of
erosion of the bottom.

Numerous experimental and theoretical studies make it possible to estimate

the level of hydrodynamic forces acting on the pipe. Usually, the hydrodynamic

resistance force F

o acting in the direction of the flow velocity vector and the
lateral lifting force F. directed perpendicular to the velocity vector and to the
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cylinder axis are divided. The forces ™ and F depend on the velocity and

structure of the flow near the surface of the pipe and in its immediate wake.
If the flow is directed at an angle 2 to the longitudinal axis of the pipe, then
the hydrodynamic force Fois proportional Vsina
Analytical solutions can be used to determine the level of hydrodynamic
loads, for example, for the case of a cylinder moving in a viscous medium
between two parallel walls:
4y

F, = /2,

h

In— -
r

Jo:of”
-O:0

o4
17302 &
h¢

where h — distance of the axis of the cylinder to the walls.

ar
0,9157 +1 724
%ﬁ (4.32)

If the cylinder moves in a viscous medium bounded by one flat wall (the

bottom), then to estimate the force Fowe use the relation (Happel, Brenner,
1976):
4y
FD —m—27h, r :d/z.
r (4.33)

The flow velocity V in this case is determined from the formula known in
geodynamics for the flow of a viscous medium on a slope (Turkot, Schubert,
1985):

v =} gzsin b(HZ )
€ ) (4.34)
where H—flow depth; y —depth of immersion of the axis of the pipe; b —slope
degree.
The hydrodynamic loads at Reynolds numbers R€* 01 are a quadratic function
of the flow velocity V

2 (4.35)

Ci — coefficient of

Here Fo — drag force acting on 1 m of pipe in the flow;
hydrodynamic resistance.

The unsteady nature of the flow in the wake, associated with the periodic
formation of vortices at Re¢50 | causes the presence of a lateral periodic
hydrodynamic force (Symakov, Shkhinek, Smelov, et al., 1989; Devnin, 1983):

o pav? ,
F =C, 5 sin” ¢, ¥V SH c’ (4.36)

0,4 if 2-10° <Re <2-10°;

0,2 if Re<2-10°
Sh=
0,3 if Re >2-106°. (4.37)

where Sh — Strouhal number.
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The lateral force is much smaller than the hydrodynamic drag forces, but due
to its dynamic nature, it can create a danger to the structure.

Analytical solutions obtained within the framework of the inviscid fluid model
were used to estimate the wave resistance of the pipe.
Itis assumed that the bottom is flat, the axis of the pipe is located at the depth

» , H- the depth of the flow. For the force of wave resistance Fv we use the

ratio

h

4 2 2 -
_ a2 1" 3chbs _ Vv H-h d
FW_4 g Fr= , b H r 7/2’

7 e 2 JoH

(4.38)

where 3 the root of the nonlinear equation

If the flow depth is large, H >5d | the root of this equation is close to %:fz ,
and the formula for the wave resistance force takes the form

F,=4%g® % exp(- Br?) (4.39)
F

As the flow depth decreases H <5d the force "wincreases. At small Froude
numbers " <0.3 the following approximation can be used for the force:

17°%d4 1 @ s
= —_exp2(b 1 -
rr P (0 s

K (4.40)
If the pipe floats on the surface, and " <OLlthe wave formation is
insignificant, and the water level difference in front of the pipe and behind it can

be taken into account as follows:

1
F,=>49(r -hy.
2 (4.41)

For the force of the viscous hydrodynamic resistance of a floating pipe in
work, it is recommended to use the ratio

F, =0,5C,J V2 (r ). (4.42)

The FORCE software module, written by V. O. Horban, allows to calculate the
hydrodynamic resistance of a pipe when it is surrounded by a water, water-mud,
or mud flow (Shevchuk, Gorban, Ivanik, etc., 2007).

The main input parameters of the module are as follows: dynamic viscosity of
the liquid, p (ns/m2); liquid density, p (kg/m3); pipe diameter, D (m); flow depth,
H (m); the angle between the flow direction and the longitudinal axis of the pipe,
a (degrees); distance from the axis of the pipe to the bottom, (m); flow velocity,
V (m/s); slope angle ¢ (degrees).

Two cases of pipe flow are considered:
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1. Stationary flow (channel current) (Fig.32). The velocity of the flow is known
from the results of measurements or observations in the area.

2. Slope flow (Fig.33). The surface of the bottom, along which the flow moves,
is inclined at an angle ¢ to the horizontal plane, which makes it possible to
determine the flow rate for highly viscous geological media.

a b
Figure 32 - Flow around the pipeline with a stationary flow:
a —submerged position of the pipe,
b —the pipe is partially submerged in the bottom soil

In the first case, the user sets the basic parameters, as well as the flow rate.
At the same time, it should be taken into account that, depending on the
configuration of the flow, the value "¢ may have a value of - D/2 H, W Df2 ,

i.e. there may be cases of a pipe that floats and is partially submerged in the
bottom soail.

Figure 33 - The effect of unsteady slope flow on the pipeline

In this mode, the types of flows can be different: water, water-mud, mud. The
following ranges can be distinguished for the density of the medium and
dynamic viscosity € :
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In the second mode, it is necessary to set the slope angle. The velocity V is
calculated from the ratio valid for the flow of various rheological media at low
Reynolds numbers. This approach imposes restrictions on the flow depth H :

_ | onf
H =3
H<Hpp " \rfgsinj (4.43)

The output parameter of the program is the linear load on the pipe F [N/m].
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For the further use of the obtained parameters of the linear load on the pipe
and the predictive assessment of the degree of danger for the pipeline, a
computer program was developed based on the calculations of the stress-strain
state of the pipe undergoing transverse bending.

The created calculation module allows in the simulation mode to quickly assess
the potentially manifestation of natural processes accompanied by the
formation of water, water-mud and mud flows and to calculate their force
impact on pipeline and transport systems (Fig.34)

are;

2 4 B = 1m0 12 14 16 18 20 22 24 26 25 30 32 34 356 38

Figure 34 - Graphical interface of the software module from the calculation of external loads
on the pipeline

4.4. Assessment and forecast of geohazards by GIS

Natural disasters are a dramatic example of people living in conflict with the
environment. Early predictions and warnings are essential for the reduction of
property damage and loss of life.

The risk assessment of natural hazards is a key element in the effective
decision-making process and development of policy in the field of prevention of
emergency situations. This is a multi-purpose process that allows us to identify,
perform quantitative assessment and understand the scale and consequences
of the risks that society faces.

World experience in the field of research of hazardous geological processes
underlines the effectiveness of modern GIS-methods and modeling in
preventing and predicting the negative impact of landslide processes, flooding
processes, mudflows, etc., which were developed by specialists of the
Geological Survey of the United States, Great Britain and other countries (Saha
et al, 2005; Wildman et al, 2005).

Simulation methods and GIS are used for predictive mapping, obtaining an
estimate of the likely development of hazardous geological processes, creating
models for multifactorial spatial estimation. Thus, the risks of landslide,
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formation and possible areas of flooding are estimated on the basis of statistical
analysis, remote sensing data and field observations.

We will provide data on the application of complex GIS analysis for modeling
and forecasting of landslide processes.

Modeling of landslides. Because landslides occur frequently and can
represent some of the most destructive forces on earth, it is imperative to have
a good understanding as to what causes them and how people can either help
prevent them from occurring or simply avoid them when they do occur.
Sustainable land management and development is also an essential key to
reducing the negative impacts felt by landslides.

Geographic information system (GIS) is an organized collection of computer
hardware, software, geographical data and personnel designed to efficiently
capture, store, update, manipulate, analyze and display all forms of
geographically referenced information.

Regional mapping of landslides. Regional or reconnaissance mapping
supplies basic data for regional planning by providing baseline information for
conducting more detailed studies at the community and site-specific levels and
for setting priorities for future mapping. Such maps are usually simple inventory
or susceptibility maps and are directed primarily toward the identification and
delineation of regional landslide problem areas and the conditions under which
they occur. Map scales at this level are typically at scales ranging from 1:10,000
down to 1:4,000,000 or even smaller.

Community-level mapping of landslides. This type of mapping identifies both
the three-dimensional potential of landsliding and considers its causes.
Guidance concerning land use, zoning, and building, and recommendations for
future site-specific investigations also are made at this stage. Investigations
should include subsurface exploratory work in order to produce a map with
cross sections. Map scales at this level typically vary from 1:1,000 to 1:10,000.

Site-specific mapping. Site-specific mapping is concerned with the
identification, analysis, and solution of actual site-specific problems, often
presented in the size of a residential lot. It is usually undertaken by private
consultants for landowners who propose site development and typically
involves a detailed drilling program with downhole logging, sampling, and
laboratory analysis in order to procure the necessary information for design and
construction. Map scales vary but usually are about 1:600

Landslide inventory maps. Inventories denote areas that are identified as
having failed by landslide processes (Fig. 35, 36, 37). The level of detail of these
maps ranges from simple reconnaissance inventories that only delineate broad
areas where landsliding appears to have occurred to complex inventories that
depict and classify each landslide and show scarps, zones of depletion and

75



accumulation, active and inactive slides, geological age, rate of movement, and
(or) other pertinent data on depth and kind of materials involved in sliding.
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Figure 35 - Landslide inventory map of Svalyava and Volovets districts, Ukrainian
Carpathians

Landslide inventory maps are prepared for multiple scopes including:

documenting the extent of landslide phenomena in areas ranging from
small to large watersheds,

as a preliminary step toward landslide susceptibility, hazard, and risk
assessment),

to investigate the distribution, types, and patterns of landslides in relation
to morphological and geological characteristics

to study the evolution of landscapes (Guzzetti et al. , 2012)
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Figure 36 - Landslide inventory map of Kyiv region

Landslide susceptibility analysis. Susceptibility measures the degree to which
a terrain can be affected by future slope movements. In other words, it is an
estimate of “where” landslides are likely to occur (Guzzetti 2006). In
mathematical language, susceptibility can be defined as the probability of
spatial occurrence of slope failures, given a set of geo-environmental conditions.
This was called “landslide analysis” by Vandine et al. (2004). Susceptibility does
not consider the size e.g., the length, width, depth, area or volume of the
landslides, but susceptibility assessments can be prepared for different-sized
landslides (Carrara et al., 1995).

77


https://www.sciencedirect.com/science/article/pii/S0012825217305652
https://www.sciencedirect.com/science/article/pii/S0012825217305652
https://www.sciencedirect.com/science/article/pii/S0012825217305652

An example of a landslide susceptibility map. This map shows an area in
Canada, the Mackenzie River Valley, Northwest Territories. Graphic by Réjean Couture,
Geological Survey of Canada.

Figure 37 - Susceptibility map of landslides in Mackenzie river Valley, Canada (Geological
Survey of Canada)

A landslide susceptibility map goes beyond an inventory map and depicts
areas that have the potential for landsliding. These areas are determined by
correlating some of the principal factors that contribute to landsliding (such as
steep slopes, weak geologic units that lose strength when saturated or
disturbed, and poorly drained rock or soil) with the past distribution of
landslides.

These maps indicate only the relative stability of slopes; they do not make
absolute predictions.

Approaches and methods for assigning landslide susceptibility can be
qualitative or quantitative, and direct or indirect.

Qualitative approaches are subjective, ascertain susceptibility heuristically,
and portray susceptibility levels using descriptive (qualitative) terms.

Quantitative methods produce numerical estimates; in other words,
probabilities of occurrence of landslide phenomena in any susceptibility zone
(Guzzetti et al., 1999).
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All the approaches and methods can be grouped into five broad categories,
namely:
(i) geomorphological mapping,
(ii) analysis of landslide inventories,
(iii) heuristic or index-based approaches,
(iv) process based methods,
(v) statistically-based modelling methods.

Model types:

(i) Logistic regression analysis
(ii)  Data overlay

(iii)  Neural network

(iv)  Index-based models

Statistically-based landslide susceptibility models are constructed to describe
the functional (statistical) relationship between instability factors, described by
sets of geo-environmental (independent) variables, and the known distribution
of landslides, taken as the dependent model variable.

Classification methods can be clustered into six main groups, namely:

(i) classical statistics (e.g., logistic regression, discriminant analysis, linear
regression), (ii) index-based (e.g., weight-of-evidence, heuristic analysis),
(iii) machine learning (e.g., fuzzy logic systems, support vector machines, forest
trees), (iv) neural networks, (v) multi criteria decision analysis, and (vi) other
statistics.

GEOM, 0.6%

Other morphometric
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to fault structural
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Figure 38 - Thematic variables. The treemap chart shows the proportion of the original
thematic variables as listed in the articles in literature database. Variables are grouped in 23
classes pertaining to five thematic clusters, shown with different colours. Legend: EO, Earth
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observation; GEOM, geomorphological;, GEOT, geotechnical; LR, landslide related; OA, other
anthropic; OC, other climatic; SE, seismic

1- areas with a low probability
of landslides formation

2 - area with the minimum
development of landslides

3 - areas with medium
potential of landslides

4 - areas of high risk
of landslides

Figure 39 - Susceptibility map of landslides in the Ukrainian Carpathians:

National Landslide Databases. The National Landslide Database of Ukraine
currently documents over 22000 landslides. The total number of landslides was
22,948 units, and the area of distribution of landslides only in 200 settlements
covers more than 44.0 km? (Fig.40).

The BGS National Landslide Database currently documents over 17 000
landslides across Great Britain. The database was an inherited dataset, based on
a search of secondary sources conducted for the Department of the
Environment (DoE) in the 1980s and 1990s.

Since the foundation of the DoE data set BGS has continued to populate this
database using the National Digital Geological Map (DiGMap). Other data has
also been collected through media reports, site investigations reports, journal
articles and by new mapping.

Data is stored within a fully relational Oracle database, which can be accessed
through Microsoft Access ™ or an ESRI ® ArcGIS interface. The purpose of this
database is to provide a detailed record of landslide events across Great Britain.
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The database contains over 35 fields which can be attributed with information
on the type of landslide, age and causes.

Legend
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Figure 40 - The National Landslide Database of Ukraine

Landslide hazard analysis. Maps and other forms of information are
sometimes overlaid on each other using a GIS so that the different types of
information can be viewed all at once. In the absence of a GIS computerized
system, transparencies can be made of each map and then can be overlaid
together. It is important that the maps and data be at the same scale.
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Figure 41 - The National Landslide Database of USA

Nowadays, the limit equilibrium method (LEM) is the most used and applied
to perform landslides analysis see e.g. Axelsson & Mattsson (2016). However,
this method cannot properly explain numerous landslides in glacial deposits that
have occurred in Sweden and other parts of the world during the last fifty years.

Cardenas reported evidence on the exhaustive use of GIS in conjunction with
uncertainty modelling tools for landslide mapping. Remote sensing techniques
are also highly employed for landslide hazard assessment and analysis. Before
and after aerial photographs and satellite imagery are used to gather landslide
characteristics, like distribution and classification, and factors like slope,
lithology, and land use/land cover to be used to help predict future events.
Before and after imagery it helps to reveal how the landscape changed after an
event, what may have triggered the landslide, and shows the process of
regeneration and recovery.

It is possible to generate maps of likely occurrences of future landslides using
satellite imagery in combination with GIS and on-the-ground studies. Such maps
should show the locations of previous events as well as clearly indicate the
probable locations of future events. In general, to predict landslides, one must
assume that their occurrence is determined by certain geologic factors, and that
future landslides will occur under the same conditions as past events.
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Figure 42 - Landslide potential of Great Britain
http://www.bgs.ac.uk/products/geosure/landslides.html

Therefore, it is necessary to establish a relationship between the
geomorphologic conditions in which the past events took place and the
expected future conditions.

Landslide modelling in OpenModeller

A free and open source software — openModeller was used for predicting the
probable landslide areas, Fig. 43 OpenModeller is a flexible, user friendly, cross-
platform environment where the entire process of conducting a fundamental
niche modeling two different precipitation layers were used to predict landslides
— precipitation of wettest month and precipitation in the wettest quarter of the
year along with the seven other layers.
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Figure 43 - Probability Distribution of landslides, Uttara Kannada, Central Western
Ghats (OpenModeller)(Ramachandra et al., 2012).

These study use pattern recognition techniques such as Genetic Algorithm for
Rule-set Prediction and Support Vector Machine based models to predict the
probable distribution of landslide occurrence points based on several
environmental layers along with the known points of occurrence of landslides.

Genetic Algorithm for Rule-set Prediction (GARP)

GARP is based on genetic algorithms originally meant to generate niche
models for biological species. In this case, the models describe environmental
conditions under which the species should be able to maintain populations.
GARP is used in the current work here to predict the locations susceptible for
landslides with the known landslide occurrence points. For input, GARP uses a
set of point localities where the landslide is known to occur and a set of
geographic layers representing the environmental parameters that might limit
the landslide existence. Genetic Algorithms (GAs) are a class of computational
models that mimic the natural evolution to solve problems in a wide variety of
domains. GAs are suitable for solving complex optimization problems and for
applications that require adaptive problem-solving strategies. The model
developed by GARP is composed of a set of rules. These set of rules is developed
through evolutionary refinement, testing and selecting rules on random subsets
of training data sets (Ramachandra et al., 2012).

Support Vector Machine (SVM)

SVM are supervised learning algorithms based on statistical learning theory,
which are considered heuristic algorithms. SVM map input vectors to a higher
dimensional space where a maximal separating hyper plane is constructed. Two
parallel hyper planes are constructed on each side of the hyper plane that
separates the data. The separating hyper plane maximizes the distance between
the two parallel hyper planes. An assumption is made that the larger the margin
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or distance between these parallel hyper planes, the better the generalization
error of the classifier will be. The model produced by support vector
classification only depends on a subset of the training data, because the cost
function for building the model does not take into account training points that
lie beyond the margin.

The following list describes many types of information that might be useful in
constructing layers for GIS analysis of landslide potential.

Topographic map indicates slope gradient, terrain configuration, drainage
pattern;

Terrain map identifies material, depth, geological processes, terrain
configuration, surface and subsurface drainage, slope gradient (also called
surficial geology or Quaternary geology maps);

Bedrock map Identifies bedrock type, surface and subsurface structure,
surficial cover (overburden), and age of rock over a topographic map base;

Engineering soil map identifies surficial material type, drainage, limited
engineering characteristics, soils characteristics, vegetation cover;

Forest cover map identifies surface vegetation, topographic features, surface
drainage pattern, and in some cases, soil drainage character.

Research studies may provide information on all of the above, plus
guantitative data on controlling factors and possibly local stability risk
assessment.

Landslide hazard analysis and mapping can provide useful information for
catastrophic loss reduction, and assist in the development of guidelines for
sustainable land-use planning. The analysis is used to identify the factors that
are related to landslides, estimate the relative contribution of factors causing
slope failures, establish a relation between the factors and landslides, and to
predict the landslide hazard in the future based on such a relationship.

The factors that have been used for landslide hazard analysis can usually be
grouped into geomorphology, geology, land use/land cover, and hydrogeology.
Many factors are considered for landslide hazard mapping.

Landslide hazard maps. Hazard maps show the areal extent of threatening
processes: where landslide processes have occurred in the past, recent
occurrences, and most important, the likelihood in various areas that a landslide
will occur in the future. For a given area, hazard maps contain detailed
information on the types of landslides, extent of slope subject to failure, and
probable maximum extent of ground movement. These maps can be used to
predict the relative degree of hazard in a landslide area. Areas may be ranked in
a hierarchy such as low, moderate, and high hazard areas.

Self-Test Questions:
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1. Describe the main types of geological environment impact on man-made
systems.

2. Describe the types of rheological models and their application in
geomodeling.

3. Identify the main criteria of rheological model’s choice for geomodelling.

4. Give the examples of modelimg of geological processes impact on man-made
systems.

5. Which methods could be applied for assessment and forecast of geohazards
by GIS?
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CHAPTER 5. METHODS OF MODELING OF MINERAL DEPOSITS BY THE SPATIAL
ANALYSIS SOFTWARE

Computer software packages provide the ability to identify and obtain data
on mineral resources. Graphical representation of the computer programs have
contributed to more efficient and qualitative approach to planning, modeling
and optimization of production and mineral resources processing.

In this textbook, our focus lies on describing the fundamental principles and
diverse methodologies of geomodeling across various geological contexts. While
the modeling of mineral deposits holds immense significance in the field of
economic geology, it is a specialized topic that merits dedicated attention in
other courses.

Given the complexity and breadth of mineral deposit modeling, numerous
specialized texts and academic resources are available that delve deeply into the
intricacies of this subject. These resources provide detailed discussions on ore
genesis, mineralization processes, deposit morphology, exploration techniques,
and quantitative modeling methodologies tailored specifically for mineral
deposits.

Acknowledging the depth of this specialized field, we will offer a brief
overview of the basic approaches to modeling mineral deposits within the
broader framework of geomodeling. This overview aims to provide students
with a foundational understanding of the principles and techniques involved in
mineral deposit modeling while directing them towards specialized literature for
further exploration.

By understanding the basic principles and methodologies of mineral deposit
modeling, students will be better equipped to engage with specialized literature
and apply advanced techniques in their respective areas of interest within
economic geology and mineral exploration.

3-D geological modeling mainly concerns structural surfaces (Wellmann,
2018). Therefore, the entire workflow of modeling can be regarded as surface-
centered. In general, the workflow of 3-D geological modeling comprises five
steps:

geological interpretation based on original data
establishment of a rational data structure to manage the geological data
construction of geological surfaces
modeling contacts between geological surfaces
construct coherent 3D geological blocks with topological relationship.

There are different methods that can be applied while modeling, such as
borehole-based modeling, cross-section based modeling and multi-source
interactive modeling and many others. Although at present 3D geological
modeling has gradually formed two modeling methods respectively based on
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facial model and volumetric model (Wang et al., 2024; Chen, 2022; Shao Yan-lin,
2011).

Modeling methods based on facial model generates surface models by
selecting a 3D space interpolation to interpolate 3D sampling points. This
modeling method can carry texture mapping on generated surfaces, and nicely
reflect external features and 3D spatial shape of geological body, but can’t
reflect its internal petrophysical changes. Familiar 3D space interpolations in
modeling methods based on facial model include inverse distance, minimum
curvature, moving average and kriging. Minimum curvature interpolation can
effectively generate smooth surface model, and Kriging interpolation can use
mathematical model to reflect changing tendency of sample data in space.

Modeling method based on volumetric model uses 3D spatial grids to describe
forms of geological body (Fig. 44). Sample data of some physical property in
geological body is interpolated to assign values to 3D spatial grids, thus 3D entity
model reflecting this physical property is generated. The modeling method can
nicely reflect internal changes of geological body. Because built model is heaped
up by 3D grids, the description of external features and spatial forms of
geological body is relatively weak under the control of grid splitting precision.
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Figure 44 - Volumetric model of ore deposit (Learning materials, KAl, software K-
MINE)

Under construction of ore deposit computer model or group of ore deposit
computer models it is possible to use five types of models. These models
generally use the same input data but have different output formats. Each of the
types of models which are in use, has its place and role depending on the model
application.
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Figure 45 - Volumetric model of ore deposit (Learning materials, KAl, software K-
MINE)

Triangulation is the initial step for the development of network and contour
models in most of the RRP. This model consists of a series of triangles formed
on the basis of reference points (boreholes). Triangulation is used to represent
the terrain surface, roof layer or sublayer, the ore body, open-pit mine etc.

The network model is a series of lines or strings which are mostly used to limit
the area, similar to the triangulation. It can be run as a surface (for example, in
the direction of x and z axes) and spatial model (in the direction of all three axes).
Network elements can be a rectangle (square) or other, such as the network
model of the topography of the terrain.

Contour model can represent different types and parameter values. In the
process of developing a computer model contour model is usually used in
combination with the network model or by itself, with 2D or 3D views. Contour
model is particularly suitable for displaying plans in two dimensions, as well as
for the network model which the quality of outputs depends on the density of
the network.

Wired model defines the spatial shape of the object being modeled. It is
based on the application of interactive parameters and their relationships in the
model. This model can represent the ore bodies, faults, rooms in mines with
underground mining and so on. It can be analyzed in the isometric view, also in
combination with other models. It can be converted into a block model. To enter
the data it is necessary to know the goal of making wire model, and on that base
input parameters are determined (the size of the ore deposit, the length of the
tunnel, etc.).

Block model is used to define a ore deposit model or open-pit mine with the
division into the 3D blocks and sub-blocks. This model can represent the
geological structure of the ore deposit, distribution of zones of mineralization
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etc. Block model is define by a method of interpolation, statistical or
geostatistical methods and closest neighboring points method, and can be
viewed in the plane, cross-section, or 3D shape. Block model provides the
greatest opportunities of all types of models and therefore has the widest
application in modeling ore deposits and open-pits. It can be used for all types
of deposits by adjusting the dimensions of blocks.

The most common software used in geology: ArcGlIS, QGIS, Maplinfo,
AutoCAD, Micromine, Surfer, GOCAD, K-MINE, Petrel and others.

Mineral potential modeling

Using the geological software we can create mineral potential maps. An
important goal of mineral potential modelling is to discover new deposits
(Porwal&Carranza, 2015).

Mineral Potential modeling produces maps showing areas that are most likely
to contain economic concentrations of minerals to be explored. The maps can
also be used to serve other purposes like showing where the most prospective
areas are relative to residential areas, existing mine sites, historical exploration,
or processing facilities. These maps are also known as predictive or posterior
probability maps because they show the statistical probability of the metal or
mineral of interest occurring in a predetermined area.

As such, mineral potential mapping involves the use of predictive models, as
opposed to prescriptive models, which are based on a set of criteria that
represent sound engineering practices, and/or some blend of economic or social
factors.

The purpose of mineral potential modeling (prospectivity modeling) is to
determine and evaluate spatial associations between the mineral occurrences
and a variety of regional-scale geoscientific data (Salome Wabuyele, 2014)

The most important aspect of mineral deposit exploration is the mineral
potential mapping composing of following steps:

e |dentifying mineralization recognition criteria

e Data preparation and structuring

* Producing factor maps

e Combining of factor maps in the appropriate inference networks.

In GIS the input layers are processed, based on the following functionalities,

and the factor map is extracted.
e Map reclassification
® Producing Proximity Map
e Operation on attribute tables
e Spatial, topological and geometrical modeling
* Producing Geochemical and geophysical anomaly map
e Assigning appropriate weight to each factor
e Converting factor maps format to raster
® Producing intermediate factor map
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For example a geological map generalized into smaller number of map units
or classes. Also contact from the geological map is selected and buffered, to
produce aproximity map. Conceptual modeling and knowledge driven, helps in
data modeling, selecting features to be enhanced and extracted as evidence
(factor), and deciding how to weight the relative importance of evidence in
estimating mineral potential. Interpretation of spatial inter-relationship
between geospatial data in weighting of spatial phenomena is essential. Factor
maps can be combined by using of conventioal models in appropiate inference
network. After section outlines the conventional models with can be used for
Mineral potential mapping.

There are different models and methods with the help of which we can create
mineral potential maps, such as Bolean modelling, Weight of Evidence models,
Index overlay method, Fuzzy Logic method. Evidence map can be combined
together in a series of steps, by using an inference network. The inference
network an important means of simulating the logical thought processes of an
expert. Concerning the rule of conceptual modeling, the expert knowledge,
existing data and characters of the models for combining factor maps, Index
Overlay and Fuzzy Logic models were selected in mineral deposit exploration in
the detailed stage. Also integrated of Boolean operation, Index Overlay and
Fuzzy Logic models is checked and result of this model is investigated. Ideally,
the mineral potential map will highlight areas of yet undiscovered mineral
occurrences. As such, mineral potential mapping involves the use of predictive
models, as opposed to prescriptive models.

Mineral potential models basically work on the assumption that all deposits
share a common genesis and that they are highly related to geophysical,
geochemical and geological activities in the area. Thus, successful Mineral
potential modeling depends on data, modeling technique and model validity.
(Mineral Potential..., 2014).

Self-Test Questions:
1. Which methods could be applied while modeling the mineral deposits?
2. Which assumption could we use for the mineral potential models?
3. Describe the workflow of 3-D geological modeling.
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